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Abstract 11 

Ultra-high performance concrete (UHPC) is a class of concrete materials that exhibits high 12 

compressive strength (over 150 MPa) and is seeing increasing applications around the world. 13 

Current reinforced UHPC (R/UHPC) bond studies mostly adopt non-flexural setups, i.e., pull-out 14 

tests and tension-lap-splice tests. The bond behavior of R/UHPC in flexure remains largely 15 

unknown, which is a fundamental aspect of designing R/UHPC flexural elements. Additionally, 16 

the impact of fiber distribution and cyclic loading on R/UHPC bond is little understood, which is 17 

important for guiding the casting and design of R/UHPC structures especially in earthquake 18 

zones. This study experimentally investigates the impact of fiber volume, cast flow direction, and 19 

cyclic loading on R/UHPC bond behavior under a simulated flexural stress state. Results from 20 

twenty-five beam-end tests are discussed. Specimens cast with flow perpendicular to the bar 21 

exhibited a 9% to 26% higher bond strength than specimens cast with the flow parallel to the bar 22 

due to the resulting higher fiber-bridging capacity across the splitting crack plane. Compared to 23 

the monotonically-loaded specimens, cyclic loading minimally impacts R/UHPC bond strength 24 

and accelerates bond-degradation after bond softening occurs. Current R/UHPC bond strength 25 

prediction methods are evaluated on the test results from this study and the literature. An energy-26 

based R/UHPC bond-slip model is developed. This model captures the cyclic bond degradation 27 

of R/UHPC and other types of high-performance fiber-reinforced cementitious composites 28 

(HPFRCC) with a mean absolute error under 13%.  29 

 30 

Keywords: ultra-high performance concrete; bond behavior; fiber distribution; cyclic loading; 31 

fiber volume.  32 

 33 



 

 

1. Introduction 34 

Ultra-high performance concrete (UHPC), also named ultra-high performance fiber-reinforced 35 

concrete (UHPFRC), is an advanced class of concrete that shows high mechanical performance 36 

and durability. Mixed with short steel fibers (typically 2% by volume) and designed using packing 37 

density theory, UHPC materials generally exhibit tensile and compressive strengths larger than 8 38 

MPa and 150 MPa, respectively, and very low chloride penetration as defined by ASTM C1202 39 

[1]. UHPC materials are often treated as a sub-class of high-performance fiber-reinforced 40 

cementitious composite (HPFRCC) because they can sustain increased tensile strength after 41 

cracking, i.e., a pseudo-strain hardening phenomenon [2]. UHPC materials are well-suited for 42 

applications that need a high strength-to-weight ratio, such as bridges (e.g., [3, 4]), or high 43 

corrosion resistance, such as marine structures (e.g., [5, 6]).  44 

The bond behavior of steel reinforced UHPC (R/UHPC) in flexure remains largely 45 

unknown (Section 2), which is a fundamental aspect of designing R/UHPC flexural elements. In 46 

practice, UHPC materials can flow in different directions around reinforcing bars. Different flow 47 

directions can create different fiber orientations around the bars because fiber alignment is 48 

predominantly parallel to the flow direction (e.g., [7, 8]) and a fiber-free zone typically exists on 49 

the “downstream” side of the bar with perpendicular flow [8]. These different fiber distributions 50 

may impact the splitting resistance and therefore R/UHPC bond behavior because the post-51 

cracking behavior of UHPC is contingent on the fiber distribution (e.g., [9, 10]). To the best of 52 

the authors’ knowledge, the impact of flow-induced fiber distribution on the bond behavior of 53 

R/UHPC has not been reported, which is important for guiding the casting and design of 54 

R/UHPC structures.  55 

In addition to questions about the impact of fiber distribution on R/UHPC bond behavior, 56 

the impact of high-amplitude low-cycle cyclic loading on R/UHPC bond behavior is also not 57 

understood. Cyclic loading accelerates the bond deterioration in traditional reinforced concrete 58 

(e.g., [11-13]). Since R/UHPC has been proposed for seismic applications (e.g., [14-16]), it is 59 

necessary to understand R/UHPC bond behavior under cyclic loading.  60 

In this study, a large-scale experimental program is conducted to investigate the impact of 61 

flow direction (i.e., parallel vs. perpendicular to the bar), fiber volume (i.e., 1% vs. 2%), and 62 

cyclic loading on the bond-slip behavior of R/UHPC. In total, twenty-five beam-end specimens 63 

are tested. In addition to the typical 2% fiber volume, R/UHPC bond behavior with a lower fiber 64 



 

 

volume (1%) is explored because recent studies demonstrate that lowering fiber volume 65 

improves R/UHPC structural ductility [17]. Finally, current R/UHPC bond strength prediction 66 

methods are evaluated on test results from this study and literature. An energy-based R/UHPC 67 

bond-slip model is also proposed and validated.  68 

 69 

2. Background 70 

In this section, previous studies on bond behavior of R/UHPC are briefly reviewed to support the 71 

defined research gaps in Section 1.  72 

The test setups used for determining bond behavior of R/UHPC are categorized into three 73 

classes depending on the boundary condition and the stress state of the surrounding material 74 

(Fig. 1): pull-out, tension lap-splice, and beam lap-splice. Pull-out tests (Fig. 1a) are widely 75 

adopted because of their simplicity but they tend to over-estimate the bond strength. This over-76 

estimation is attributed to the compressive strut that forms between the steel ribs and rigid 77 

supports (ACI 408R-03, [18]). Another common setup is the tension lap-splice configuration (Fig. 78 

1b), which replaces the rigid supports by actual reinforcing bars and also represents the 79 

reinforcement layout in bridge girder joints. Another way to investigate the bond behavior is by 80 

utilizing beam lap-splice configuration (Fig. 1c). In beam lap-splice tests, the rigid supports in 81 

traditional pullout tests are avoided, while the surrounding materials are in flexural stress states. 82 

Among all three classes of test setup, pull-out tests are considered the least realistic because the 83 

compressive stress fields match few cases observed in structural applications [18]. 84 

Fig. 1. Current test setups adopted for assessing the bond performance of R/UHPC: 

(a) pull-out, (b) tension lap-splice, and (c) beam lap-splice. 



 

 

Fig. 2 presents the results of 117 R/UHPC bond test results reported in the literature in 85 

tabulated Appendix A. The test results are classified by the test setup with different bond failure 86 

types differentiated i.e., pull-out failures or splitting failures. The reported peak bond strengths 87 

range from 6.6 MPa to 76.3 MPa for R/UHPC. Bond strength determined using the pull-out 88 

setup is mostly higher than that determined using other types of setup, especially when pull-out 89 

type failure is observed. Pull-out type failures are commonly observed from tests with the pull-90 

out setup because of the compressive stress fields [18] and generally large cover thickness (up to 91 

16 db in Appendix A, where db=bar diameter). A large cover thickness reduces the chance of 92 

splitting failures occurring [19, 20] and increases bond strengths [19-23].  After the cover 93 

thickness reaches 3-4 db, further increase of cover thickness has been found to negligibly impact 94 

the bond strength of R/UHPC [21, 24]. There is very little reported data on R/UHPC bond 95 

behavior from beam-type tests (Fig. 2), the test setup that provides a more realistic flexural stress 96 

state commonly seen in structural members [18].  97 

The impact of cast-flow-induced fiber distribution on R/UHPC bond strength remains 98 

unknown. In previous studies [25, 26], the researchers achieved different fiber orientations by 99 

moving casting device over the steel bar(s) following different directions instead of allowing 100 

materials flow naturally around the bar. The fiber distribution in their specimens does not 101 

replicate natural flow and the resulting fiber distribution including any down-stream side fiber-102 

free zones, which can impact the bond behavior in fiber-reinforced concrete [12].  103 

The embedment length of the test bar in R/UHPC bond tests is often limited to a short 104 

length (i.e., 2-5 db in Appendix A) for two reasons. First, if the embedment length is too long 105 

Fig. 2. R/UHPC bond strength test results summary.  

 



 

 

(i.e., longer than 6 db), the reinforcing bar in the UHPC may fracture before bond failure due to 106 

high bond strength [19, 21, 24, 25, 27, 28]. Second, the stress distribution along the embedment 107 

length may be non-uniform [20], i.e., most of the bar force is developed within the first 3db near 108 

the loading end [22]. Adopting a short embedment length for these tests avoids underestimating 109 

the bond strength. Underestimating R/UHPC bond strength can be unconservative when 110 

designing R/UHPC structures because a high bond strength has been found to cause plasticity 111 

concentrations and low structural ductility (e.g., [29, 30]).  112 

 113 

3. Experimental Program 114 

3.1 UHPC Material 115 

The UHPC studied here is a proprietary material called Ductal and is commercially available 116 

from LafargeHolcim (US). The typical composition of Ductal is reported in Ref. [4]. The UHPC 117 

material is self-consolidating and densely-packed; the material slump value is around 200 mm, 118 

which is measured according to ASTM C1437-15. This UHPC material contains straight steel 119 

fibers with a diameter and length of 0.2 mm and 13 mm, respectively. While UHPC materials 120 

typically contain a fiber volume of 2%, in our study, we fabricated UHPC with two different 121 

fiber volumes: 1% and 2%.  The impact of lowering fiber volume on bond behavior is explored 122 

because lowering fiber volume from the typical 2% to 1% has been observed to improve 123 

structural ductility and also reduces material costs [17, 31, 32]. The materials were mixed based 124 

on the material supplier’s specified procedure. After casting, the UHPC specimens were moisture 125 

cured until 3 days before the test date. If the test age exceeded 56 days, the moisture curing 126 

ended at 56 days. 127 

Following ASTM C1856-17 [33], the compressive and flexural behavior of the materials 128 

were assessed using cylinder and unreinforced beam tests. The cylinders were 76 mm in 129 

diameter and after end-grinding, on average 141 mm high, and were subject to uniaxial 130 

compression. The unreinforced beams had a cross-section of 76 mm by 76 mm and were 280 131 

mm long. They were subjected to third-point bending across a span of 228 mm. Fig. 3 presents a 132 

representative result of the four specimens tested for each material characterization test. Fig. 4 133 

illustrates the development of material strength with test ages of 28 days, 56 days, and 168 days. 134 

Table 1 gives the measured material properties at 28-days. Detailed descriptions of the material 135 

characterization test setup and results are available in [17]. 136 



 

 

Table 1 UHPC Properties at 28 days 137 

 f'c (MPa) 

Mean (std) [#] 

σflexure (MPa) 

Mean (std) [#] 

ft (MPa) 

UHPC-Vf2% 174.0 (6.1) [4] 24.3 (1.2) [4] 9.9 

UHPC-Vf1% 172.7 (5.3) [4] 17.1 (2.3) [4] 6.7 

Note: f'c=compressive strength; σflexure=equivalent bending strength from unreinforced beam tests; 138 

ft=tensile strength estimated form unreinforced beam tests using an inverse analysis [17]; std=standard 139 

deviation, #=number of tests conducted. 140 

 141 

 142 

 143 

3.2 Beam-end Specimen Design  144 

Based on recommendations from ACI committee 408, bond-slip is studied here using beam-end 145 

tests, which provide realistic flexural stress states commonly seen in structural members [18]. 146 

For both conventional concrete and fiber-reinforced concrete, the bond strength determined from 147 

Fig. 4. Development of UHPC (a) compressive strength and (b) equivalent bending 

strength. Note: vertical error bars represent standard deviation.   

 

Fig. 3. Representative results from material characterization tests: (a) cylinder 

compression tests, and (b) unreinforced beam tests. ‘□’ explosive failure.  

 



 

 

beam-end tests has been found to represent well the response seen in beam lap-splice 148 

experiments (e.g., [12, 18]). Fig. 5 presents the specimen design. This specimen design follows 149 

ASTM A944-10 [34] and is similar to Bandelt et al. [12].  150 

The specimens were 380 mm high, 130 mm wide, and 230 mm long. The test bar was a 151 

16-mm-diameter steel bar with a bonded length of 3db (db=bar nominal diameter). This bonded 152 

length was chosen because a longer bonded length is expected to cause steel failure before bond 153 

failure (reviewed in section 2), and a shorter bonded length could lead to large uncertainties by 154 

including too few ribs ([25, 35]). Table 2 lists the properties of the test bar, and Fig. 6 provides 155 

the steel stress-strain relationship measured from uniaxial tension tests.  156 

Table 2 Test bar properties 157 

Property Unit Value 

Elastic Modulus GPa 202 

Yield strength MPa 470 

Ultimate strength MPa 674 

Nominal diameter mm 16 

Rib height* mm 1.2 

Rib spacing* mm 10.6 

Relative rib area* - 0.096 

Note: *Surface deformation is measured according to ACI 408R-03 158 

 159 

Fig. 5. Beam-end specimen design. 

 



 

 

Outside the bonded region, the test bar was wrapped with duct tape and sealed in a PVC 160 

tube to create unbonded regions above and below. As suggested by ASTM A944-10 [34] and 161 

ACI 408R-03 [18], the loaded end of the test bar had an 30-mm-long unbonded region to avoid a 162 

localized cone-type failure. The unloaded end of the test bar extended 40 mm into the 70-mm-163 

long PVC tube (Fig. 5) to allow cyclic slip. 164 

Two auxiliary steel bars with a diameter of 13 mm were provided to control flexural 165 

cracks that could develop outside the bonded region (Fig. 5). Two 10-mm-diameter stirrups 166 

parallel to the side faces were provided as shear reinforcement. The cover thickness in current 167 

UHPC applications ranges from 20 mm to 30 mm. Therefore, a bottom cover thickness of 24 mm 168 

was chosen, resulting in a bottom cover-to-bar-diameter ratio of 1.5. 169 

 170 

3.3 Casting Method  171 

The flow direction of the fresh UHPC paste was either parallel or perpendicular to the test bar 172 

(Fig. 7). The parallel flow was achieved by allowing the material to flow from the back of the 173 

form to the other end until the entire form is filled (Fig. 7a). The perpendicular flow was 174 

achieved in two steps. In the first step, the material was placed to flow from one side of the form 175 

to the other with three specimen reinforcing cages side by side (Fig. 7b). After the form was 176 

filled by the natural flow of the material placement until over half of its height, vertical 177 

separators were inserted, and the first step was completed. In the second step, the rest of the 178 

specimen was filled by moving the casting device back and forth over the form while slowly 179 

Fig. 6. Steel stress-strain relationship. Note: the steel strain was measured using an 

extensometer with a 50-mm gage length.  

 



 

 

placing the additional material without introducing material flow. Extreme caution was paid to 180 

avoid disturbing the fiber distributions generated by the perpendicular flow in the first step.  181 

 182 

3.4 Beam-End Test Setup and Loading Protocol  183 

Fig. 8 presents a schematic of the test setup. The test bar was loaded by the actuator of a 245 kN 184 

MTS machine at a displacement-controlled rate of 0.008 mm/s. Two linear variable differential 185 

transformers (LVDTs) were clamped to a coupler that was welded to the test bar, measuring the 186 

displacement of the clamping point against the top surface of the specimen (Fig. 8). Readings 187 

from these two LVDTs were averaged to obtain the clamping-point displacement, which 188 

consisted of bond slip and the steel deformation between the clamping point and loaded end of 189 

the test bar. The beam-end specimen movement was restrained by six steel rods and the 190 

Fig. 8. Overview of the beam-end test setup. 

 

Fig. 7. Photos of the casting methods: (a) materials flow parallel to the bar, and 

(b) materials flow perpendicular to the bar.  

 



 

 

surrounding rigid steel frames. No support preload is applied, while the expected reaction force 191 

is shown in Fig. 8.  192 

For the monotonic tests, the test bar was pulled in tension. For the cyclic tests, the 193 

specimen was first subjected to load-controlled cycles in tension and compression and then 194 

displacement-controlled cycles (Fig. 9). Note that, in this study, positive load and slip values 195 

represent when the test bar was in tension. In the load-controlled protocol, two cycles were 196 

exerted at 50%, 65%, 80%, and 90% of the average peak bond strength, umax, from monotonic 197 

tests (Fig. 9a). The displacement-controlled protocol started when the load-controlled protocol 198 

was complete or when the reinforcement slip exceeded 1 mm, whichever occurred first. The 199 

displacement-controlled protocol consisted of two cycles at 1, 2, 3, and 4 mm displacement (Fig. 200 

9b). After the displacement-controlled protocol was complete, the test bar was monotonically 201 

pulled in tension until 10 mm slip.  202 

 203 

3.5 Test Matrix 204 

Table 3 presents the test matrix. Most of the monotonic specimens were tested at 28±2 days, 205 

while the remainder of the specimens were tested at 100±2 days due to an unexpected lab 206 

shutdown. The naming convention includes fiber volume, flow direction, loading type, and test 207 

age.  208 

 209 

 210 

 211 

 212 

Fig. 9. Cyclic loading protocol of (a) load-controlled cycles, and (b) displacement-controlled cycles.  

 



 

 

Table 3 Test matrix  213 

Combination 
Vf  

[%] 
Flow direction Loading 

Test age 

(day) 
Ntest 

UHPC-Vf2-PL-M-28D 2 Parallel Monotonic 28 4 

UHPC-Vf2-PD-M-28D 2 Perpendicular Monotonic 28 5 

UHPC-Vf1-PL-M-28D 1 Parallel Monotonic 28 4a 

UHPC-Vf1-PD-M-28D 1 Perpendicular Monotonic 28 3 

UHPC-Vf2-PL-M-100D 2 Parallel Monotonic 100 1 

UHPC-Vf2-PL-C-100D 2 Parallel Cyclic 100 2 

UHPC-Vf2-PD-M-100D 2 Perpendicular Monotonic 100 1 

UHPC-Vf2-PD-C-100D 2 Perpendicular Cyclic 100 2 

UHPC-Vf1-PL-C-100D 1 Parallel Cyclic 100 3 

Note: Vf=fiber volume, a=LVDTs were malfunctioning for one of the four tests, therefore the bond-slip 214 

curve for just three tests are reported. Ntest=number of tests conducted for this combination.  215 

 216 

 217 

4. Bond Experimental Results and Discussion 218 

Table 4 summarizes the test results. The bond stress, u, is calculated assuming a uniform stress 219 

distribution: 220 

𝑢 =
𝑃

𝜋∙𝑑𝑏∙𝑙𝑏𝑜𝑛𝑑
                                                                                                                        (1) 221 

,where 𝑃=external load on the test bar (positive when the test bar is in tension), 𝑙𝑏𝑜𝑛𝑑=bonded 222 

length (48mm), 𝑑𝑏=bar diameter (16 mm).  223 

Table 4 Summary of test results  224 

Combination 
umax [MPa] ꞷs,max [mm]  

Ntest 
Mean (Std.) Mean (Std.) 

UHPC-Vf2-PL-M-28D 32.6 (3.8) 1.1 (0.3) 4 

UHPC-Vf2-PD-M-28D 41.0 (1.2) 0.5 (0.3) 5 

UHPC-Vf1-PL-M-28D 29.9 (3.0) 1.4 (0.3) 4 

UHPC-Vf1-PD-M-28D 32.6 (2.8) 1.3 (0.1) 3 

UHPC-Vf2-PL-M-100D 38.6 (N/A) 1.0 (N/A) 1 

UHPC-Vf2-PL-C-100D 39.8 (0.8) 0.8 (0.4) 2 

UHPC-Vf2-PD-M-100D 45.2 (N/A) 0.5 (N/A) 1 

UHPC-Vf2-PD-C-100D 43.3 (0.7) 0.6 (0.2) 2 

UHPC-Vf1-PL-C-100D 32.0 (2.1) 0.8 (0.1) 3 

Note: umax=bond strength, ꞷs,max=maximum residual splitting crack width that is manually measured by a 225 

caliper after the tests. Std.=standard deviation. Ntest=number of tests conducted for this combination. 226 

N/A=not applicable.  227 



 

 

4.1 Crack Pattern and Failure Mode 228 

Fig. 10a shows the representative crack pattern of a beam-end specimen after the test bar was 229 

completely pulled out. The crack pattern consisted of splitting cracks that were parallel to the test 230 

bar axis and flexural cracks that were perpendicular to the test bar axis. Despite the lack of 231 

stirrup confinement, R/UHPC bond failure was gradual and considered as confined splitting 232 

failure. The fiber-bridging of the UHPC material restrained the splitting cracks, causing the 233 

UHPC keys between the steel ribs to shear off and be pulverized for all specimens (see 234 

representative test bar after failure in Fig. 10b). No steel fiber was found in the sheared-off keys. 235 

Ongoing studies reveal that although UHPC matrix is compact around the reinforcing bar 236 

regardless of the flow directions [36], a fiber-free zone exists between the steel ribs. In contrast, 237 

for traditional concrete without stirrup confinement, splitting bond failures feature a sudden load 238 

drop when the concrete separates from the bar. Concrete keys between steel ribs typically do not 239 

shear off (e.g., [13, 37]).  240 

 241 

4.2 Monotonic Bond Behavior 242 

Fig. 11 presents the bond-displacement responses of the monotonically-loaded specimens, while 243 

the determined bond strength and maximum residual splitting crack width are given in Table 4. 244 

The displacements in Fig. 11 are the averaged readings from the two LVDTs. The bond-245 

displacement relationship is shown here because the test bar yielded in some specimens; the 246 

bond-slip relationship is provided in section 5 when discussing the bond-slip model.  247 

Fig. 10. Photos of (a) a representative crack pattern, and (b) a completely-pulled-out test bar.  



 

 

Specimens from all four combinations showed a mixed splitting and pull-out failure, as 248 

discussed in section 4.1. For specimens in Figs. 11a&c&d, their bond stress kept increasing until 249 

visible splitting cracks formed. Bond failure occurred quickly after the formation of the splitting 250 

cracks. The bond failure was gradual since fiber-bridging in the UHPC restrained the splitting 251 

cracks. Further slip was accompanied by shearing off the UHPC keys between steel ribs, as 252 

discussed previously (Fig. 10b). For specimens in Fig. 11b, bond stress kept increasing after the 253 

splitting crack formed. The test bar yielded when the bond stress reached 39 MPa, resulting in a 254 

strength plateau. Test bar yielding is common in R/UHPC bond tests due to their high bond 255 

strength (e.g., [21, 23, 25, 27, 38]). After the yielding plateau, the bond stress continued to 256 

increase until a gradual pull-out failure occurred.  257 

Similar to the bond strength in reinforced concrete [39], the bond strength of R/UHPC 258 

also depends on the confinement provided, which is affected by the fiber volume and flow 259 

direction. In UHPC, the fiber alignment is mostly parallel to the flow direction (e.g., [7, 10, 40]). 260 

Therefore, the combination of 2% fiber volume and perpendicular flow was expected to generate 261 

Fig. 11. Bond-displacement responses for specimens with (a) 2% fiber volume and parallel 

flow, (b) 2% fiber volume and perpendicular flow, (c) 1% fiber volume and parallel flow, and 

(d) 1% fiber volume and perpendicular flow.  



 

 

the highest fiber-bridging capacity across the splitting crack planes, which are parallel to the bar 262 

axis (Fig. 10a). The higher splitting resistance was observed in the average residual splitting 263 

crack widths measured (ꞷs,max  in Table 4).  For the specimens tested at 28 days, the crack width 264 

for combination UHPC-Vf2-PD is 55%-65% smaller than that observed in the other three 265 

combinations. As a result, the combination of 2% fiber volume and perpendicular flow generated 266 

the highest bond strength among the four combinations (Table 4). Meanwhile, the combination 267 

of 1% fiber volume and parallel flow showed the lowest bond strength as expected, since this 268 

combination brought the lowest fiber-bridging capacity across the splitting crack plane among 269 

the four combinations.  270 

These results demonstrate that flow direction and fiber volume affect R/UHPC bond 271 

strength under flexural states due to the change in splitting resistance. For the specimens tested at 272 

28 days, when the fiber volume was the same, changing the flow direction from parallel to 273 

perpendicular increased the average bond strength by 9% and 26% for 1% fiber volume and 2% 274 

fiber volume, respectively. For the same flow direction, increasing the fiber volume from 1% to 275 

2% increased the average bond strength by 9% and 26% for parallel flow and perpendicular 276 

flow, respectively (Table 4).  277 

Note that, the average bond strength is almost same for UHPC-Vf2-PL-28D and UHPC-278 

Vf1-PD-28D, which is attributed to their having a similar splitting resistance (i.e., similar tensile 279 

strength across the splitting plane). Compared to UHPC-Vf2-PL-28D, which has a high fiber 280 

volume (2%) and flow direction parallel to the splitting crack plane, UHPC-Vf1-PD-28D has a 281 

lower fiber volume (1%) and flow direction perpendicular to the splitting crack plane. Similar 282 

splitting resistance in specimens UHPC-Vf2-PL-28D and UHPC-Vf1-PD-28D is assumed based 283 

on: (1) uniaxial tension tests demonstrate that the fiber-bridging capacity across a plane that is 284 

perpendicular to the flow direction is 68%-127% higher than that across a plane parallel to the 285 

flow direction [10], and (2) uniaxial tensile strength of UHPC with 2% fiber volume has been 286 

found to be 46%-131% higher than that with 1% fiber volume [1, 26]. Based on these results, it 287 

is reasonable to consider that UHPC-Vf2-PL-28D may have lower splitting resistance based on 288 

flow direction but higher splitting resistance based on fiber volume fraction, leading to the 289 

assumption that it’s splitting resistance would be roughly the same as that of UHPC-Vf1-PD-290 

28D.  291 



 

 

When compared to specimens tested at 28 days, specimens with the 100-day age show a 292 

bond strength increase of roughly 6-7%. This bond strength increase is attributed to the coupled 293 

effects of increased compressive strength (i.e., stronger UHPC keys, Fig. 4a) and increased fiber 294 

bridging capacity (i.e., higher splitting resistance, Fig. 4b). A larger-scale program is underway 295 

to further investigate the impact of material properties on UHPC bond behavior.  296 

 297 

4.3 Cyclic Bond Behavior 298 

Fig. 12 compares the cyclic bond-displacement responses to the monotonic responses. In Figs. 299 

12a-d, the pre-softening cyclic responses are denoted using red-dotted lines indicating steel 300 

hysteresis, while the post-softening cyclic responses are shown with black solid lines 301 

representing cyclic bond-slip behavior, as discussed further below. For Figs. 12e-g, monotonic 302 

tests were not performed at the same age, so the averaged responses from 28-day specimens are 303 

provided in Figs. 12e-g. Note that, the 100-day bond strength is expected to increase from 28-day 304 

strength as discussed in section 4.2.  305 

 For all cyclic specimens, the responses during load-controlled cycles followed linear 306 

unloading-reloading branches through the origin. No noticeable stiffness degradation was 307 

observed at this stage. The pre-peak load cycles were not found to impact the maximum bond 308 

strength. The mean absolute difference between the maximum bond strength of cyclic specimens 309 

and monotonic specimens is 0.8 MPa, which is within the variance between specimens (Fig. 11 310 

and Table 4).  311 

Similar to the trends with monotonic bond-slip behavior, increasing the fiber volume 312 

from 1% to 2% or changing the flow direction from parallel to perpendicular increased the 313 

average bond strength by 9% to 35%. For specimens with UHPC having 2% fibers by volume 314 

(Fig. 12a-d), their bond-displacement hysteresis between the yielding point of the test bar and the 315 

point at which bond softening began (i.e., these red dotted lines) was dominated by steel cyclic 316 

hysteresis. When softening began, the bond-displacement hysteresis (i.e., these black solid lines 317 

in Fig. 12) is attributed to bond-slip behavior because the steel stress is kept below the yielding 318 

stress.  319 

  Fig. 13 presents a schematic of a typical bond-slip cycle after bond softening has 320 

initiated in reinforced UHPC in 5 steps:  321 



 

 

 322 

Fig. 12. Bond-displacement responses of specimens with 2% fiber volume cast parallel (a-b), 

specimens with 2% fiber volume cast perpendicular (c-d), and specimens with 1% fiber volume 

cast parallel (e-f). Note: for a-d, pre-softening cyclic behavior is represented using red dotted 

lines.  

. 



 

 

1. When the first slip reversal starts at point C, the steel rib is pushed against the right 323 

bearing surface with inclined shear cracks that are hypothesized to have already formed 324 

[13]. When the slip is reversed from point C, a stiff unloading branch first occurs (point C 325 

to D). At this stage, the steel rib is still in contact with the UHPC key, while the UHPC 326 

elastic deformation is recovered and some frictional resistance is built.  327 

2. From point D to E, the steel rib slides through the left gap. The bond stress gradually 328 

increases as some broken UHPC pieces start transferring load between the steel rib and 329 

UHPC key.  330 

3. When the slip reaches point H, new damage is introduced to the left bearing surface in 331 

the form of new bond cracks and crushed UHPC. Again, a slip reversal first introduced a 332 

stiff unloading branch from H to I.  333 

4. Similar to the path D-E, the steel rib slides from point I to J with increasing bond stress.  334 

5. When the slip reaches the same slip as point C (i.e., reaches point J in Fig. 13), the bond 335 

stress is lower than that of point C because the UHPC keys gain additional damage from 336 

the previous cycle.  337 

Fig. 13. Schematic of a typical bond-slip cycle.  

 



 

 

Therefore, repeated slip reversal accelerates bond degradation, as observed in Fig. 14. This 338 

accelerated bond degradation has also been observed in previous cyclic bond tests of concrete 339 

(e.g., [13]), fiber-reinforced concrete (e.g., [11]), and other types of HPFRCC [12].  340 

5 Predicting R/UHPC Bond-slip Behavior  341 

In this section, current methods for predicting R/UHPC bond strength are first evaluated. Then, 342 

an R/UHPC bond-slip model is proposed and validated to capture the general envelope of 343 

monotonic bond behavior as well as cyclic bond degradation.  344 

 345 

5.1 Predicting R/UHPC Bond Strength 346 

This section evaluates current R/UHPC bond strength prediction methods by comparing the 347 

predicted results to experimental results from this study as well as the collected dataset 348 

(Appendix A).  349 

As reviewed in section 2, a large range of R/UHPC bond strength (from 6.6 MPa to 76.3 350 

MPa) has been reported in the literature. In addition to the already-identified factors (e.g., 351 

embedment length and cover thickness as reviewed in section 2), Fig. 2 indicates that the test 352 

Fig. 14. Load-displacement envelope of specimens with (a) UHPC-Vf2-PL, (b) UHPC-Vf2-PD, 

and (c) UHPC-Vf1-PL. 

 



 

 

setup (i.e., stress states) impacts R/UHPC bond strength. Additionally, the experimental results 353 

in section 4 demonstrate that material flow direction and fiber volume also noticeably affects the 354 

bond strength. While no existing bond strength method considers all the aforementioned factors, 355 

Fig. 15 presents the prediction performance of current R/UHPC bond models [20, 26, 35] applied 356 

to the database of experiments presented in this study and Appendix A. Table 5 provides details 357 

of the existing models as well as summarizes the mean absolute prediction error of the test 358 

results from each type of test setup. Note that in Fig. 15 and Table 5, the beam-type test results 359 

are primarily from this study with one additional datapoint from [41].  360 

Table 5 R/UHPC Bond Strength Prediction Models and Prediction Errors 361 

Model Name 
Source Tests for 

the Model 
Model 

Mean Absolute Prediction Error 

Pull out  TLS  Beam  

Yoo model [35] Pull out tests 𝑢𝑚𝑎𝑥 = 5√𝑓𝑐
,
 37.7% 440.0% 151.6% 

Sturm model [20] Pull out tests 𝑢𝑚𝑎𝑥 = (0.0018 ∙ c+0.186) ∙ 𝑓𝑐 40.0% 184.4% 45.7% 

Roy model [26] TLS tests 𝑢𝑚𝑎𝑥 = (0.45 ∙
𝑐

𝑑𝑏
+

38.5

𝑙𝑏
+ 0.23 ∙ 𝑉𝑓) ∙ 𝑓𝑡   53.5% 24.0% 56.4% 

Note: TLS=Tension lap splice. Other notations in the bond strength prediction equations are explained in Appendix 362 

A. 363 

Overall, these three R/UHPC bond strength models show the smallest prediction error on 364 

tests that share a similar test setup as their source tests, as expected. Since the Yoo model is a 365 

function of compressive strength, which does not vary significantly across tests, it captures the 366 

least bond strength variation among the three models (Fig. 15). The Yoo model also tends to 367 

Fig. 15. Comparison between experimental and predicted R/UHPC bond strength through 

application of the models described in Table 4 to the experiments presented in this study and 

Appendix A. Note: TLS=Tension lap-splice. 

 



 

 

overpredict R/UHPC bond strength, especially for test results from tension-lap-splice type tests. 368 

The Sturm model and the Roy model better capture the bond strength variation (Fig. 15). Note 369 

that, when the cover thickness is high (e.g., c/db=16.2 in [21]), both the Sturm model and the Roy 370 

model predict a very high bond strength from 88 MPa to 119 MPa, which is over 100% higher 371 

than the test results. 372 

For the beam-type test results, all three models exhibit a mean absolute error higher than 373 

45%. Further studies are needed to develop a more comprehensive bond-strength prediction 374 

model that better captures the effects of material properties and stress states, especially the 375 

flexural stress states in beam-type tests.  376 

 377 

5.2 Proposed R/UHPC Bond-slip Model  378 

Fig. 16 presents a proposed R/UHPC bond-slip model. The monotonic envelope generally 379 

follows the suggestions from the fib Model Code [39]. The monotonic envelope consists of (1) a 380 

linear ascending branch up to point A, (2) a strength plateau from point A to B, (3) a linear 381 

descending branch to point M, and (4) a plateau representing a residual strength after point M. 382 

The monotonic envelope is defined by the following equations: 383 

𝑢(𝑠) = {

𝑠

𝑠1
∙𝑢𝑚𝑎𝑥                                           ,0≤𝑠≤𝑠1   

𝑢𝑚𝑎𝑥                                                 ,𝑠1≤𝑠≤𝑠2  

𝑢𝑚𝑎𝑥−
𝑢𝑚𝑎𝑥−𝑢𝑏𝑓

𝑠3−𝑠2
∙(𝑠−𝑠2)        ,𝑠2≤𝑠≤𝑠3  

𝑢𝑏𝑓                                                   ,𝑠3≤𝑠         

                                                                                    (2) 384 

,where 𝑢(𝑠)=bond stress at the slip value of s, s1=0.2 mm; s2=0.5 mm; s3=clear distance between 385 

ribs (i.e., 8mm in this study, [39]); 𝑢𝑚𝑎𝑥=maximum bond stress, MPa; 𝑢𝑏𝑓=residual bond 386 

frictional resistance, MPa. Based on the monotonic tests reported herein, 𝑢𝑏𝑓 is estimated as 20% 387 

of the 𝑢𝑚𝑎𝑥.  388 



 

 

  The proposed model considers the cyclic effects based on the test results in this study 389 

and a widely-adopted framework first proposed by Eligehausen et al. [13], which successfully 390 

predicts the concrete cyclic bond-slip behavior. Before reaching point A, the cyclic bond-slip 391 

behavior follows linear unloading-reloading paths through the origin with the same stiffness as 392 

the original ascending branch. After reach point A, this model considers the cyclic bond 393 

degradation using an energy-based damage index, D. This damage index, D, is calculated as: 394 

D = 1 − e−1.8∙(E/2∙E0)0.8
                                                                                                        (3) 395 

, where E is the accumulated dissipated energy before the slip reversal begins, and E0 is the 396 

dissipated energy during monotonic loading (Fig. 17). The damage index (Equation 3) was 397 

obtained based on a regression analysis of the test results of the specimens in combination 398 

Fig. 16. Schematic of the proposed R/UHPC bond-slip model. 

 

Fig. 17. Definition of dissipated energy under cyclic and monotonic loading.  

 



 

 

UHPC-Vf1-PL-C-100D (Fig. 12e-g) because their responses were not affected by steel inelastic 399 

behavior. Following Equation 8 in Section 5.3, the steel deformation was subtracted from the 400 

LVDT readings (i.e., the measured displacement) to obtain the slip value that is used to calculate 401 

the energy term in Equation 3. Also shown in Fig. 18 is the damage index equation proposed by 402 

Eligehausen et al. [13] for concrete bond-slip behavior. The Eligehausen equation is developed 403 

based on cyclic bond tests of reinforced concrete with a compressive strength of around 30 MPa, 404 

while the UHPC tests used to determine Equation 3 had a compressive strength around 190 MPa. 405 

Compared to the Eligehausen equation, the faster damage growth featured by Equation 3 could 406 

be attributed to the higher brittleness of UHPC relative to traditional concrete [42].  407 

 When a slip reversal starts, the bond-slip model first experiences a linear unloading 408 

branch with stiffness, Eb, until the frictional resistance, uf, is reached (e.g., from C to D and from 409 

H to I in Fig. 16). Based on experimental results, the unloading stiffness, Eb, is typically 120 410 

N/mm3. The frictional resistance, uf, is proposed as a function of damage index, D, and the 411 

experienced slip range: 412 

𝑢𝑓 = 2.68 ∙ 𝑢𝑏𝑓 ∙  (𝑆𝑚𝑎𝑥 − 𝑆𝑚𝑖𝑛)/𝑆3 ∙ (1 − 𝐷)1.4,  (𝑆𝑚𝑎𝑥 − 𝑆𝑚𝑖𝑛) ≤ 𝑆3                      (4) 413 

, where Smax=maximum-experienced slip, and Smin=minimum-experienced slip, Fig. 16. Equation 414 

4 is based on a regression analysis of the test results (Fig. 19) and experimental observations that 415 

the frictional resistance first increases with the increase of the experienced slip range, 𝑆𝑚𝑎𝑥 −416 

𝑆𝑚𝑖𝑛, and then decreases as the internal damage becomes more severe. Also, under repeated 417 

cycles at similar slip values, the frictional resistance decreases as the internal damage increases.  418 

Fig. 18. Relationship between damage index and dissipated energy.  

 



 

 

After reaching the frictional resistance, the model follows a nonlinear reloading branch 419 

towards a reduced monotonic envelope (e.g., from point D to E and from I to J in Fig. 16). 420 

Following the suggestions of Filippou, et al. [43], the reloading branch is defined as a fourth-421 

degree polynomial function: 422 

𝑢(𝑠) =
𝑢𝐸−𝑢𝑆

(𝑠𝐸−𝑠𝑆)4 ∙ (𝑠 − 𝑠𝑆)4 + 𝑢𝑆                                                                                                  (5) 423 

, where 𝑠𝑆 and 𝑢𝑆 are the slip and bond stress values at the reloading starting point; 𝑠𝐸 and 𝑢𝐸  are 424 

the slip and bond stress values at the reloading end point. 425 

 During the first slip reversal, the reloading end point is defined as the point where the 426 

bond stress reaches four times the frictional resistance on the reduced envelope (e.g., point E in 427 

Fig. 16). During the following cycles, the reloading end point is defined as the point where the 428 

bond-slip reaches the maximum- or minimum-experienced slip (i.e., Smax or Smin) on the reduced 429 

envelope (e.g., point J in Fig. 16). After reaching the reloading ending point, the bond model will 430 

follow the reduced envelope until the next slip reversal begins (e.g., path E-F-G-H in Fig. 16). 431 

 Compared to the original monotonic envelope, the reduced envelope shares the same key 432 

slip value (i.e., s1, s2, s3) but has smaller peak and residual strength: 433 

𝑢𝑚𝑎𝑥,𝑟𝑒𝑑𝑢𝑐𝑒𝑑 = (1 − 𝐷) ∙ 𝑢𝑚𝑎𝑥                                                                                                   (6) 434 

𝑢𝑏𝑓,𝑟𝑒𝑑𝑢𝑐𝑒𝑑 = (1 − 𝐷) ∙ 𝑢𝑏𝑓                                                                                                        (7) 435 

 436 

5.3 Validation of the Proposed Bond-slip Model  437 

Fig. 19. Relationship between frictional resistance and damage index as well as 

experienced slip range. 

 



 

 

Fig. 20 compares the monotonic bond-slip responses from the experiments and the model. 438 

Specimens that observed steel yielding are not included since their steel bar had inelastic 439 

deformation. The experimental slip is obtained by: 440 

𝑠 = ∆ − 𝐿𝑠 ∙ 𝜀𝑠                                                                                                                             (8) 441 

, where ∆=averaged LVDT reading; 𝐿𝑠=distance between the LVDT clamping point and bond 442 

region; 𝜀𝑠=steel strain, which is the ratio between steel stress and steel elastic modulus (Table 2). 443 

In Fig. 20, the model adopts the averaged bond strength from the experimental results 444 

(Table 4). Fig. 20 demonstrates that, if the bond strength is correctly predicted, the proposed 445 

model well captures the initial ascending branch, gradual bond softening, and the residual 446 

frictional resistance.  447 

Since the cyclic model parameters are obtained from regression analysis of results from 448 

UHPC-Vf1-PL-C-100D, the cyclic model is validated on test results from the same specimen 449 

type but with 2% volume fraction of fibers (i.e., UHPC-Vf2-PL-C-100D) as well as on beam-end 450 

test results from two additional types of HPFRCC: engineered cementitious composites (ECC) 451 

and self-consolidating high-performance fiber-reinforced concrete (SCHPFRC) [12]. For the two 452 

Fig. 20. Comparison between the prediction and monotonic experimental results.  

 



 

 

UHPC specimens, the slip values are obtained by reducing the post-softening displacement (i.e., 453 

the black solid lines in Fig. 12a-b) by the elastic and inelastic steel deformation. The steel 454 

inelastic deformation is fixed upon bond softening (i.e., the transition from red dashed line to 455 

black solid lines in Fig. 12a-b), and steel elastic deformation is corrected using Equation 8. Fig. 456 

21 compares the predicted cyclic responses to the experimental cyclic responses as well as the 457 

corresponding monotonic response. The mean absolute error of the predicted damage index, D, 458 

ranges from 11% to 13% for these four tests, indicating that the model reasonably captures the 459 

bond degradation under cyclic loading.  460 

 461 

6 Conclusions 462 

After reviewing the state-of-the-art of R/UHPC bond studies, this paper investigates the impact 463 

of fiber volume (1% or 2%), flow direction (parallel or perpendicular to the bar), and cyclic 464 

loading on R/UHPC bond behavior under flexural states. Current R/UHPC bond strength 465 

prediction methods are evaluated on test results from this study and the literature. A new bond-466 

slip model for R/UHPC is proposed and validated. The following conclusions are reached: 467 

Fig. 21. Comparison between the predicted and experimental cyclic responses 

for (a) UHPC-Vf2-PL-M-100D-#1, (b) UHPC-Vf2-PL-M-100D-#2, (c) 

SCHPFR-C-1[12], (d) ECC-C-1 [12]. 

 



 

 

1. For all four combinations of fiber volume and flow direction, R/UHPC exhibits confined 468 

splitting failure. Because splitting cracks are restrained by fiber-bridging, UHPC keys are 469 

sheared-off and pulverized.  470 

2. Changing the flow direction from parallel flow to perpendicular flow (relative to the 471 

longitudinal axis of the bonded bar) increases the average bond strength by 9% and 26% 472 

for 1% fiber volume and 2% fiber volume, respectively. 473 

3. Increasing the fiber volume from 1% to 2% increases the average bond strength by 9% 474 

and 26% for parallel flow and perpendicular flow, respectively. 475 

4. Cyclic loading does not impact R/UHPC bond strength but accelerates bond degradation 476 

after bond softening occurs for the specimens studied here. 477 

5. Current R/UHPC bond strength prediction methods, which are based on pullout tests and 478 

tension lap-splice tests, predict results from beam-type tests with a mean absolute error 479 

above 45%. 480 

6. The proposed model captures the cyclic bond degradation of R/UHPC and other types of 481 

HPFRCC under flexural stress states with a mean absolute error under 13%.  482 

More beam-type tests are needed to evaluate R/UHPC bond behavior with a wider range of 483 

material properties and geometries (e.g., cover thickness and reinforcing bar diameters). A 484 

validated method for predicting R/UHPC bond strength under flexural states is needed.   485 

 486 
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Appendix A 505 

 
fc 

(MPa) 
Fiber Vf 

ft    

(MPa) 

db 

(mm) 
c/db lb/db Test type 

Failure 

Type 

umax 

(MPa) 

[20] 

171 SF 2.0% NA 16.0 1.3 2.0 Pull-out 

Pull out 

+ 

Splitting 

39.5 

155 SF 2.0% NA 16.0 1.3 2.0 Pull-out Pull out 49.9 

171 SF 2.0% NA 16.0 3.1 2.0 Pull-out Pull out 56.0 

155 SF 2.0% NA 16.0 3.1 2.0 Pull-out Pull out 57.3 

171 SF 2.0% NA 16.0 4.7 2.0 Pull-out Pull out 60.6 

155 SF 2.0% NA 16.0 4.7 2.0 Pull-out Pull out 57.0 

[23] 

70.7 SF 2.0% 6.0 16.0 1.6 8.0 TLS Splitting 7.4 

70.7 SF 2.0% 6.0 16.0 1.6 10.0 TLS Splitting 8.0 

70.7 SF 2.0% 6.0 16.0 1.6 12.0 TLS Splitting 9.0 

70.7 SF 2.0% 6.0 16.0 1.6 14.0 TLS Splitting 7.7 

70.7 SF 2.0% 6.0 16.0 3.1 8.0 TLS Splitting 11.4 

70.7 SF 2.0% 6.0 16.0 3.1 10.0 TLS Splitting 12.2 

70.7 SF 2.0% 6.0 16.0 3.1 12.0 TLS Splitting 13.4 

74.9 SF 2.0% 7.0 16.0 1.6 8.0 TLS Splitting 7.1 

74.9 SF 2.0% 7.0 16.0 1.6 10.0 TLS Splitting 8.0 

74.9 SF 2.0% 7.0 16.0 1.6 12.0 TLS Splitting 8.5 

74.9 SF 2.0% 7.0 16.0 1.6 14.0 TLS Splitting 8.2 

74.9 SF 2.0% 7.0 16.0 3.1 8.0 TLS Splitting 9.7 

74.9 SF 2.0% 7.0 16.0 3.1 10.0 TLS Splitting 11.3 



 

 

74.9 SF 2.0% 7.0 16.0 3.1 12.0 TLS Splitting 12.4 

[26] 

161 SF 1.0% 9.2 9.5 2.2 8.0 TLS Splitting 17.9 

161 SF 2.0% 13.4 9.5 2.2 8.0 TLS Splitting 24.0 

161 SF 3.0% 19.1 9.5 2.2 8.0 TLS Splitting 32.2 

161 SF 1.0% 9.2 9.5 2.2 12.0 TLS Splitting 15.0 

161 SF 2.0% 13.4 9.5 2.2 12.0 TLS Splitting 16.9 

161 SF 2.0% 13.4 9.5 2.2 12.0 TLS Splitting 20.5 

161 SF 2.0% 13.4 9.5 2.2 12.0 TLS Splitting 23.0 

161 SF 1.0% 9.2 9.5 2.2 16.0 TLS Splitting 15.2 

161 SF 1.0% 9.2 12.7 1.5 8.0 TLS Splitting 14.3 

161 SF 2.0% 13.4 12.7 1.5 8.0 TLS Splitting 22.1 

161 SF 3.0% 19.1 12.7 1.5 8.0 TLS Splitting 24.2 

161 SF 1.0% 9.2 12.7 1.5 12.0 TLS Splitting 11.4 

161 SF 2.0% 13.4 12.7 1.5 12.0 TLS Splitting 11.2 

161 SF 2.0% 13.4 12.7 1.5 12.0 TLS Splitting 15.3 

161 SF 2.0% 13.4 12.7 1.5 12.0 TLS Splitting 16.2 

161 SF 3.0% 19.1 12.7 1.5 12.0 TLS Splitting 19.4 

[25] 

191 SF 2.0% NA 13.0 5.3 4.0 Pull-out Splitting 32.7 

191 SF 2.0% NA 13.0 5.3 4.0 Pull-out Splitting 26.2 

189.4 SF 2.0% NA 16.0 4.2 6.4 Pull-out Splitting 16.6 

189.4 SF 2.0% NA 16.0 4.2 6.4 Pull-out Splitting 17.9 

188.9 SF 2.0% NA 16.0 4.2 4.8 Pull-out Splitting 17.8 

188.9 SF 2.0% NA 16.0 4.2 4.8 Pull-out Splitting 19.1 

191 SF 2.0% NA 16.0 4.2 3.2 Pull-out Splitting 31.0 

191 SF 2.0% NA 16.0 4.2 3.2 Pull-out Splitting 31.2 

189.4 SF 2.0% NA 19.0 3.4 5.3 Pull-out Splitting 14.4 

189.4 SF 2.0% NA 19.0 3.4 5.3 Pull-out Splitting 15.0 

188.9 SF 2.0% NA 19.0 3.4 4.0 Pull-out Splitting 17.6 

188.9 SF 2.0% NA 19.0 3.4 4.0 Pull-out Splitting 19.1 

191 SF 2.0% NA 19.0 3.4 2.6 Pull-out Splitting 23.0 

191 SF 2.0% NA 19.0 3.4 2.6 Pull-out Splitting 23.2 

188.9 SF 2.0% NA 19.0 3.4 4.0 Pull-out Splitting 15.1 

188.9 SF 2.0% NA 16.0 4.2 6.4 Pull-out Splitting 18.3 



 

 

52.8 SF 2.0% NA 16.0 4.2 6.4 Pull-out Splitting 10.1 

88 SF 2.0% NA 16.0 4.2 6.4 Pull-out Splitting 11.1 

124.6 SF 2.0% NA 16.0 4.2 6.4 Pull-out Splitting 14.6 

180.1 SF 1.0% NA 16.0 4.2 6.4 Pull-out Splitting 14.8 

188.9 SF 2.0% NA 16.0 4.2 6.4 Pull-out Splitting 17.6 

180.1 SF 1.0% NA 19.0 3.4 4.0 Pull-out Splitting 11.1 

[27] 

94.5 SF 2.0% NA 16.0 2.0 8.0 TLS Splitting 17.8 

94.5 SF 2.0% NA 16.0 3.5 8.0 TLS Splitting 22.8 

132 SF 2.0% NA 16.0 2.0 6.0 TLS Splitting 22.9 

94.5 SF 2.0% NA 16.0 2.0 8.0 TLS Splitting 22.6 

94.5 SF 2.0% NA 16.0 3.5 8.0 TLS Splitting 30.2 

132 SF 2.0% NA 16.0 2.0 6.0 TLS Splitting 26.3 

[21] 

205 SF+PP 2.5% 13.9 8.0 2.5 4.0 Pull-out Pull out 38.3 

205 SF+PP 2.5% 13.9 12.0 1.7 4.0 Pull-out 

Splitting 

+ Pull 

out 

32.9 

205 SF+PP 2.5% 13.9 12.0 1.7 4.0 Pull-out Pull out 36.5 

205 SF+PP 2.5% 13.9 12.0 1.7 8.0 Pull-out 

Splitting 

+ Pull 

out 

37.1 

205 SF+PP 2.5% 13.9 12.0 2.5 4.0 Pull-out Pull out 36.5 

205 SF+PP 2.5% 13.9 12.0 2.5 4.0 Pull-out Pull out 36.8 

205 SF+PP 2.5% 13.9 12.0 2.5 4.0 Pull-out Pull out 36.6 

205 SF+PP 2.5% 13.9 12.0 16.2 2.5 Pull-out Pull out 54.9 

205 SF+PP 2.5% 13.9 12.0 16.2 2.5 Pull-out Pull out 52.1 

205 SF+PP 2.5% 13.9 12.0 16.2 2.5 Pull-out Pull out 53.3 

205 SF+PP 2.5% 13.9 16.0 12.0 2.5 Pull-out Pull out 59.1 

205 SF+PP 2.5% 13.9 16.0 12.0 2.5 Pull-out Pull out 59.3 

205 SF+PP 2.5% 13.9 16.0 12.0 2.5 Pull-out Pull out 50.2 

[44] 

132.3 SF 1.0% 10.0 25.0 1.2 5.0 TLS Splitting 6.6 

138 SF 1.0% 5.7 25.0 1.2 10.0 TLS Splitting 7.0 

119.6 SF 2.0% 5.3 25.0 1.2 5.0 TLS Splitting 8.1 

126.3 SF 2.0% 8.3 25.0 1.2 10.0 TLS Splitting 8.5 



 

 

115.5 SF 4.0% 8.1 25.0 1.2 5.0 TLS Splitting 11.0 

106.2 SF 4.0% 12.8 25.0 1.2 8.0 TLS Splitting 10.8 

115.1 SF 4.0% 10.5 25.0 1.2 10.0 TLS Splitting 10.3 

[38] 

104 SF 4.0% 13.0 25.0 1.2 5.0 TLS Splitting 10.3 

115 SF 4.0% 9.3 25.0 1.2 5.0 TLS Splitting 11.0 

106 SF 4.0% 12.8 25.0 1.2 8.0 TLS Splitting 10.8 

115 SF 4.0% 10.5 25.0 1.2 10.0 TLS Splitting 10.3 

135 SF 4.0% 13.0 35.0 1.2 5.0 TLS Splitting 11.7 

135 SF 4.0% 13.9 35.0 1.2 10.0 TLS Splitting 11.0 

120 SF 2.0% 13.9 25.0 1.2 5.0 TLS Splitting 8.1 

126 SF 2.0% 8.3 25.0 1.2 10.0 TLS Splitting 8.5 

153 SF 2.0% 8.1 35.0 1.2 5.0 TLS Splitting 8.1 

153 SF 2.0% 9.0 35.0 1.2 10.0 TLS Splitting 9.6 

132 SF 1.0% 9.0 25.0 1.2 5.0 TLS Splitting 6.6 

138 SF 1.0% 5.7 25.0 1.2 10.0 TLS Splitting 7.0 

167 SF 1.0% 5.3 35.0 1.2 5.0 TLS Splitting 6.9 

167 SF 1.0% 6.3 35.0 1.2 10.0 TLS Splitting 7.2 

[45] 

196.4 SF 2.0% 6.3 16.0 4.2 1.0 Pull-out Pull out 64.0 

196.4 SF 2.0% 7.4 16.0 4.2 1.5 Pull-out Pull out 72.0 

196.4 SF 2.0% 7.4 16.0 4.2 2.0 Pull-out Pull out 68.8 

[35] 

196.8 SF 1.0% 7.4 16.0 4.2 1.0 Pull-out Pull out 66.7 

196.8 SF 1.0% 8.2 16.0 4.2 2.0 Pull-out Pull out 68.2 

201.8 SF 2.0% 8.2 16.0 4.2 1.0 Pull-out Pull out 74.6 

201.8 SF 2.0% 11.8 16.0 4.2 2.0 Pull-out Pull out 70.9 

207.2 SF 3.0% 11.8 16.0 4.2 1.0 Pull-out Pull out 76.3 

207.2 SF 3.0% 14.2 16.0 4.2 2.0 Pull-out Pull out 71.8 

184.9 SF 4.0% 14.2 16.0 4.2 1.0 Pull-out Pull out 68.3 

184.9 SF 4.0% 16.6 16.0 4.2 2.0 Pull-out Pull out 71.1 

[41] 120.7 SF 6.0% 16.6 20.0 1.5 10.0 BLS Splitting 11.6 

[46] 

NA SF 2.5% 10.5 20.0 3.5 2.5 Pull-out Pull out 54.0 

NA SF 2.5% 9.7 20.0 3.5 2.0 Pull-out Pull out 66.0 

NA SF 2.5% 9.7 12.0 6.2 1.7 Pull-out Pull out 61.0 

[47] 155 SF 1.0% 9.7 14.0 1.5 NA Pull-out Splitting 19.9 



 

 

155 SF 1.0% NA 14.0 2.0 NA Pull-out Splitting 26.8 

155 SF 1.0% NA 18.0 1.5 NA Pull-out Splitting 17.3 

155 SF 1.0% NA 18.0 2.0 NA Pull-out Splitting 25.3 

Note: fc=UHPC compressive strength; Vf=fiber volume; db=bar diameter; c=cover thickness, 506 

lb=bonded length; umax=peak bond strength; SF=Steel fiber; PP=Polypropylene fiber; TLS 507 

=Tension lap-splice; BLS=Beam lap-splice; NA=Not available. 508 
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