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ABSTRACT  12 

The use of steel fiber reinforced concrete (SFRC) is becoming more and more common. 13 

Concerning bond of rebars to concrete, fibers provide passive confinement and not only 14 

improve bond performance but also affect the mode of bond failure. To analyze these 15 

aspects, a series of prismatic specimens have been subjected to the Pull Out Test, and an 16 

accurate model for predicting the mode of bond failure has been developed. The 17 

following factors have been considered: concrete compressive strength (30-50 MPa), 18 

rebar diameter (8-20 mm), concrete cover (between 30 mm and 5 times rebar diameter), 19 

fiber content (up to 70 kg/m3), and fiber slenderness and length. This model relates 20 

splitting probability to the factors considered. It has been proved that increasing fiber 21 

content restrains the risk of splitting failure. The favorable effect of fibers when 22 

preventing splitting failures has been revealed to be more important for higher concrete 23 

compressive strength values, which require higher concrete cover/diameter ratios for 24 

splitting failure to be prevented. Fiber slenderness and fiber length modify the effect of 25 

fiber content on splitting probability and therefore on minimum cover/diameter ratios 26 

required to prevent splitting failures. 27 
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1. INTRODUCTION 34 

This section describes the phenomena involved in bond of rebars to concrete and 35 

reviews previous literature concerned with the role of fibers. For a better understanding, 36 

this information is organised in three different subsections. The first one presents an 37 

overview of the mechanisms controlling bond of rebars to concrete. Then, the second 38 

subsection deals with the different modes of bond failure and puts splitting failures in 39 

context, paying special attention to the role of passive confinement. Finally, the role of 40 

fibers in relation to bond and specially splitting failures is exposed. All this information 41 

contextualizes the topic under study and justifies the objectives of this study, which are 42 

detailed right after that. 43 

  44 

1.1 Bond of Reinforcing Bars to Concrete 45 

Bond between reinforcement and concrete is commonly conceptualized as a shear stress, 46 

or bond stress, distributed over the surface of the rebar along the embedded length. 47 

Bond stress can be defined as the ratio between the rate of change in axial force along 48 

the rebar and the area of rebar surface over which this change takes place [1]. However, 49 

there are other aspects besides bond stress to be considered, especially in the case of 50 

deformed, ribbed rebars [1–3], mainly related to radial stresses.  51 

As Figure 1 shows, the tensile load pulling the rebar out of concrete produces reaction 52 

forces which are exerted on the sorrounding concrete by ribs. These reactions can be 53 

decomposed in two components and therefore, the bond phenomenon involves: a) a 54 

shear component, parallel to the rebar axis, so that there are triaxially compressed 55 

concrete regions in front of each rib, and b) a radial component, orthogonal to the shear 56 

component, which extends bond mechanisms to the surrounding concrete. 57 

As the axial load on the rebar increases, the wedging action by rebar ribs increases and 58 

concrete between ribs is crushed. At the same time, the derived radial stresses are also 59 

increased and concrete tensile strength is reached in the surrounding concrete. This 60 

leads to the phenomenon of transverse microcracking which is at the very basis of the 61 

loss of strain compatibility between rebar and concrete: relative displacement of the 62 

rebar with respect to concrete (slip) increases as a result of the widening of these 63 

microcracks. 64 

Progress of the rebar slip implies activation of bond and progressive increase of bond 65 

stresses until the bond strength is reached. Bond stress–slip curves are characterized by 66 
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postpeak softening behavior: bond stress remains remarkable even at very large slips in 67 

the postpeak region [4], and slippage represents shear fracture [5].  68 

Consequently, because of both shear and radial components, and based on confinement 69 

conditions, bond failure can occur in two different major modes. One mode consists in 70 

splitting of concrete surrounding the rebar (splitting failure), and the other mode 71 

consists in having the rebar pulled out after the shear failure of the steel-concrete 72 

interface (pullout failure). 73 

 74 

1.2 Modes of Bond Failure and Passive Confinement 75 

Confinement plays a major role as a parameter affecting bond. A distinction is made 76 

between active and passive confinement. Active confinement is the consequence of 77 

concrete being compressed by external forces, for instance reactions in supports or 78 

beam-column joints. Passive confinement is the constraining effect that results from 79 

concrete cover and transverse reinforcement. This constraining effect is progressively 80 

activated with the onset of bond stresses. 81 

Splitting failures occur when concrete is not well confined. Transverse cracks originated 82 

at the rebar-concrete interface may eventually reach concrete surface, and if there is no 83 

transverse reinforcement capable of bearing the derived tensile stresses, bond capacity 84 

is totally lost in a brittle failure followed by a considerable slippage. 85 

Pullout failures, on the other hand, occur when confinement prevents these cracks from 86 

reaching concrete surface. The concrete crushed between ribs, which defines a 87 

cylindrical frictional surface around the rebar [6], is extracted with the rebar. After the 88 

shearing has progressed over the entire length of embedment of the rebar, the force 89 

drops and then the remaining pullout is resisted only by friction. 90 

Passive confinement includes not only the effect of concrete cover but also that of 91 

transverse reinforcement, and is treated in similar ways by different codes. The major 92 

concern regarding passive confinement is connected to the minimum values of 93 

transverse reinforcement or concrete cover in order to prevent concrete splitting [7]. 94 

According to the Model Code [8], concrete is considered well confined when concrete 95 

cover is not less than five times the rebar diameter. The minimum concrete cover value 96 

to avoid splitting failures is approximately between 2.5 and 3.0 times rebar diameter [9, 97 

10]. 98 

The confining effect of concrete cover is most usually typified by rebar diameter: 99 

concrete cover/diameter ratio is the reference parameter, because the effect of concrete 100 
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cover is inversely related to rebar diameter.  Passive confinement affects bond 101 

performance in terms of bond strength and bond failure ductility as well [7], not only in 102 

relation to the mode of bond failure [11, 12]. Furthermore, bond stress–slip curves 103 

become steeper as concrete cover increases (FIB 2000): concrete confinement in the 104 

splice/development region improves the ductility of bond failure as well [13].  105 

 106 

1.3 Bond of Reinforcing Bars to Steel Fiber Reinforced Concrete (SFRC) 107 

Fibers have a positive effect on bond of reinforcement to concrete, even when low fiber 108 

contents are considered [14]. Fibers improve bond performance because they confine 109 

reinforcement (playing a similar role to that of the transverse reinforcement) and 110 

because they broaden the range of crack width values within which passive confinement 111 

remains active [14–16]. Improvements in bond performance of concrete are really 112 

important in terms of toughness and ductility of the material [13, 17]. 113 

In particular, the Spanish code for structural concrete [18] explicitly states that fibers 114 

improve bond capacity of concrete and that this can be taken into account when 115 

designing anchors and splices. Similar statements are found in the recommendations by 116 

other organisms [10, 19]. 117 

However, the positive effect of fibers is acknowledged but is not always explicitly 118 

introduced in formulations for anchorage/splice lengths. Considering that the use of 119 

non-conventional concretes, including steel fiber reinforced concrete (SFRC hereafter), 120 

is becoming more and more common [20–22], it is likely that anchorage lengths are 121 

higher than necessary in most of the cases. How to take advantage of the higher 122 

ductility and energy absorption capacity of SFRC to reduce anchorage lengths when 123 

using fibers is not a straightforward issue. In this sense, several studies have been 124 

performed attempting to model the bond phenomenon and anchorage behavior in 125 

general [23–30]. 126 

A central issue is whether the effect of fibers on bond is modified by concrete 127 

compressive strength and rebar diameter. Since large diameters increase the tendency to 128 

concrete cover splitting, an important issue is the study of the relationship between the 129 

presence of fibers and the concrete cover needed to prevent splitting failures. In fact, the 130 

effect of fibers on bond when there is splitting of the concrete cover proves to be very 131 

important [25, 31]. On the contrary, it is not so clearly significant when splitting does 132 

not occur: under such circumstances fibers have been reported to affect bond failure 133 

ductility but not bond strength. 134 
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The study how fibers determine mode of bond failure, and how they are related to 135 

concrete compressive strength and rebar diameter in terms of probability that no cover 136 

splitting occurs are issues that have not been addressed in scientific literature yet. 137 

 138 

2. OBJECTIVES 139 

The main objectives of this research have been: 140 

 Deepening the knowledge of the phenomena involved in bond of reinforcement 141 

to Steel Fiber Reinforced Concrete (SFRC), especially regarding the role of 142 

fibers in relation to cover splitting and its prevention. 143 

 Studying the effect of fiber geometry, fiber content, concrete compressive 144 

strength, and rebar diameter on minimum concrete cover values needed to 145 

prevent splitting failures. 146 

 Obtaining analytical expressions which prove useful to estimate the risk or 147 

probability of splitting of the concrete cover in terms of the factors considered. 148 

 Using the aforementioned analytical expressions to predict minimum 149 

confinement requirements that have to be met to avoid cover splitting on bond 150 

failure. 151 

 152 

3. EXPERIMENTAL PROGRAM ME 153 

 154 

3.1 Factors and Levels Considered 155 

The factors considered have been: concrete compressive strength (fc), rebar diameter 156 

(D), concrete cover (C), steel fiber content (Cf), and fiber geometry (slenderness (Ȣf) 157 

and length (lf)). 158 

The values or levels considered for each one of these factors are summarized in Table 1. 159 

To consider concrete compressive strength, three different reference mixes with 160 

compressive strength values between 30MPa and 50 MPa have been included. Each one 161 

of them has led to a group of different mixes as a result of adding fibers. Since they 162 

have been produced and tested sequentially, they have been numbered accordingly: all 163 

type I mixes were produced and tested in a first stage, then all type II mixes, and finally 164 

all type III mixes. They differ in terms of water/cement ratio, maximum aggregate size, 165 

and cement content, since this research is focused on normal strength concrete. The 166 

three reference mix designs considered in this research are summarized in Table 2. 167 
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Four different rebar diameters have been considered. 8mm rebars have been considered 168 

as representative of small rebars used in real applications (6mm and 8mm for building, 169 

8mm and 10mm for civil engineering works).  16mm rebars have been selected because 170 

they are a commonplace in bond literature. At first (series with type I mixes) 20mm 171 

rebars were tested in addition to 8mm and 16mm diameters. However, after this first 172 

series, considering 8-12-16 mm diameters seemed more convenient than 8-16-20 mm. 173 

That is the reason why the values considered for rebar diameters are the same for type II 174 

and type III series but they differ from those for type I series (Table 3). 175 

Concrete cover values have been defined as a function of rebar diameter. C1 is the 176 

smallest concrete cover value: in the first stage (type I series) it was 30 mmn, which is 177 

the minimum acceptable according to the Spanish code [18]. However, it was reset to 178 

2.5 times the rebar diameter for type II and type III series, because this is usually 179 

assumed as the boundary distinguishing splitting failures and pullout failures. C3 is 5 180 

times the rebar diameter in all cases, because this is the situation that the Model Code 181 

[8] defines as 'good confinement'. C2 was an intermediate value, C1<C2<C3: for type I 182 

series it was the average of C1 and C3, but for type II and type III series it was 183 

redefined as 3.5 times the rebar diameter. 184 

Four types of hooked-end steel fibers have been considered which are different in terms 185 

of slenderness and length only: 45/50, 65/60, 80/35, and 80/50. They all are within the 186 

so-called macro-fibers and among the ones which are most widely used in precast 187 

industry. 188 

Fiber contents considered have been decided below 1% in volume fraction (Vf) in 189 

addition to unreinforced concrete (0 kg/m3), fiber contents from 40 kg/m3 (Vf = 0.51%) 190 

to 60-70 kg/m3 (Vf = 0.76-0.89%) constitute the referential frame for most usual SFRC 191 

applications. 192 

 193 

3.2 Materials 194 

Cement type CEM II/B-M 42.5 R was used in all cases. The aggregates used have been 195 

river sand, crushed limestone coarse aggregate, and limestone filler. The 196 

superplasticizer used has been a polycarboxylate ether. The reinforcing bars were type 197 

B 500 S. With respect to the steel fibers used, all of them are cold-drawn, hooked-end 198 

fibers made with low carbon steel (yield strength 1100 MPa minimum) and without any 199 

coating. 200 
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Each one of these reference mix designs was initially tested and adjusted to admit a 201 

volume fraction of 0.5% of 65/60 fibers with slump values between 10 cm and 15 cm. 202 

However, each one of these reference mix designs would be different in each particular 203 

case since fiber type and fiber content would differ according to their having been 204 

defined as factors. Consequently, filler and admixture amounts were adjusted in each 205 

case to keep slump values between 10 cm and 15 cm at the same time segregation was 206 

prevented. 207 

 208 

3.3 Pull Out Test 209 

A modified version of the Pull Out Test (POT) has been selected as the most 210 

appropriate test for the purposes of this research. Specimens for the POT have been 211 

designed based on the RILEM recommendations [32–34] which prescribes the 212 

following requirements: a) total length of the specimen (L) is to be 10 times the rebar 213 

diameter, though never less than 200 mm; and b) embedded length (L') is to be 5 times 214 

the rebar diameter, where the absence of sleeve protection allows the generation of bond 215 

stresses between rebar and concrete. 216 

These conditions have been observed in all POT specimens produced and tested. 217 

Preliminary calculations following Eurocode 2 (art. 8.4.2) [35] were made in order to 218 

avoid rebar yielding so that specimens failure could be related only to bond failure in all 219 

cases.  220 

Specimens cross-section was defined as a function of rebar diameter and therefore 221 

varies depending on that parameter and on the concrete cover value considered in each 222 

particular case. Cross-section of POT specimens is sketched in Figure 3 in terms of the 223 

diameter of the rebar (D), the side (S), and the factor 'concrete cover', variable (C). As 224 

shown in Figure 3, rebar is positioned excentrically so that the factor 'concrete cover' is 225 

restricted to two out of four semi-axes in the cross-section. With respect to the other two 226 

semi-axes, concrete cover had to be greater in order to have a good confinement. 227 

According to the Model Code [8], it has a good confinement with concrete cover values 228 

bigger than 5 times the rebar diameter. It has been taken as reference a rebar diameter of 229 

25 mm so that further research with bigger rebar diameters is compatible with all data 230 

obtained and reported herein. Accordingly, for the two semi-axes not considered as 231 

variable within the cross-section, a minimum dimension of 5 · 25 = 125 mm was 232 

established. 233 

 234 
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3.4 Design of the Experiment 235 

In this case, a total of 5 factors (fc, D, C, Cf, Ȝf-l f)) is under consideration, each one of 236 

them at 3 different values.  237 

The selection of specimens to be produced and tested has followed a highly fractioned 238 

factorial plan [36] so that reliable, statistically sound conclusions can be obtained from 239 

experimental results after a reasonable number of tests. 240 

The consideration given to concrete compressive strength as a factor is somewhat 241 

different with respect to how other factors have been handled when planning the 242 

experiment. It was more convenient to organize the highly fractioned factorial plan 243 

independently of concrete compressive strength, and then producing and testing all 244 

these combinations for type I series first, then for type II series, and then for type III 245 

series. The result is a fractional factorial design organized in blocks. 246 

The combinations tested for each series resulting from the reference mixes are shown in 247 

Table 3. Each one of these combinations consisted of 3 POT specimens and 2 248 

cylindrical specimens produced with concrete from the same batch. The number of POT 249 

specimens produced and tested is 9 x 3 = 27 for each series, and since there are 3 series, 250 

the total number of POT specimens in this research has been 27 x 3 = 81, far less than 251 

the 729 specimens that a complete experiment would have required. 252 

 253 

3.5 Experimental methods 254 

All concrete mixes in this research have been produced by following the same process 255 

and sequence in all cases.  256 

Right after mixing, concrete slump was measured according to the standard EN 12350-257 

2:2006. The criterion established for fresh mixes was that slump values ranged between 258 

10 cm and 15 cm. Then, the concrete used was poured back to the mixer, and after 1 259 

more minute mixing, POT specimens and cylindrical specimens were cast. 260 

Each one of the batches of concrete produced was characterized by tesing under 261 

compression the two cylindrical specimens produced simultaneously with POT 262 

specimens. All cylindrical specimens were tested at the same age POT specimens were 263 

tested, i.e. 28 days. Test method to determine compressive strength was carried out 264 

according to EN 12390-2:2009. 265 

Pull out tests were carried out as shown in Figure 4. The specimen to be tested was 266 

supported by a rigid steel plate with a hole in its center to allow the rebar passing 267 

through. The lower end of the rebar was anchored by clamps. By operating a hydraulic 268 
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system the supporting plate was pulled up and, as a result, the rebar was pulled out of 269 

the specimen. 270 

The slip of the rebar was monitored on the surface opposite to that from which the rebar 271 

was being pulled out by means of a LVDT sensor. It was located on this surface in order 272 

to detect the load corresponding to the onset of bond stress along the entire embedded 273 

length. 274 

 275 

4. RESULTS 276 

 277 

4.1 Concrete compressive strength 278 

Concrete compressive strength average values obtained for type I, type II, and type III 279 

mixes were 32 MPa, 48 MPa, and 44 MPa respectively, obtained from cylindrical 280 

specimens tested at the age of 28 days. These average values have been used for the 281 

analysis of the results presented in following sections. The coefficient of variation has 282 

been 8.5%, 11% and 10.8%, respectively. 283 

 284 

4.2 Mode of failure and bond strength 285 

Table 3 shows the experimental results obtained, namely: the number of specimens out 286 

of each set of three that experienced cover splitting, and average bond strength values, 287 

calculated considering only those specimens that failed following a pullout mode. Bond 288 

strength values are shown for reference only. The variable subjected to analysis in the 289 

following sections is the count of splitting cases, because this paper focuses on the 290 

identification of variables that determine the mode of bond failure and the quantification  291 

of their effect on splitting risk. 292 

 293 

5. ANALYSIS AND DISCUSSION 294 

 295 

5.1 Development of a semi-empirical model to predict splitting risk 296 

Logistic binary regression [37] has been used to relate the probability (p) of cover 297 

splitting in a POT specimen to the variables considered in this research (fc, D, C, Cf, Ȝf-298 

l f), This has been achieved by fitting a logistic equation to the experimental values 299 

obtained for p, which can be 0/3, 1/3, 2/3, or 3/3, shown in Table 3. 300 

In this case, a semi-empirical logistic model has been obtained, so that it takes into 301 

account not only the experimental data obtained but also previous knowledge of bond 302 
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phenomena. This helps interpreting the implications of the relations modelled and 303 

therefore adds value to the predictive tool. 304 

This has been achieved by carefully pondering which interactions among the factors 305 

considered are likely to be at operation in relation to bond failure. Before fitting a 306 

logistic equation to the experimental data, the structure of this logistic equation has been 307 

tailored so that it better represents bond phenomena. As explained in the introduction, 308 

passive confinement plays a capital role on bond failure modes. If transverse 309 

reinforcement is not considered (as it is the case in this research), concrete 310 

cover/diameter ratio (C/D) is the main source of passive confinement. Therefore, it is 311 

reasonable to think that C/D is the only factor having a standalone effect on the risk of 312 

splitting, while its effect is modified by concrete properties. This implies the assumption 313 

that all other factors (compressive strength, fibers content and geometry) interact with, 314 

and therefore modify the effect of C/D ratio. This model is formulated by equation (1):  315 

݈݊ ൬ ͳ െ ൰ ൌ   ൫ௗ   ݂  ൯ܥ࣠  ܦܥ
(1) 

where  ௗ , , and   are coefficients to be estimated, and ࣠  is a function of the 316 

geometry of fibers defined as follows: 317 ࣠  ൌ    ߣఒ   κκ (2)

where , ఒ, and κ are coefficients to be estimated. 318 

The model thus formulated takes into account the nature of the phenomenon under 319 

study, and two aspects are particularly remarkable: 320 

 The odds-ratio and therefore splitting probability are assumed to be mainly 321 

determined by C/D ratio, and the effect of this factor is modified by a function 322 

which depends on the properties of concrete, namely concrete compressive 323 

strength (݂) and fiber content (ܥ). Under this light, fibers are understood to 324 

modify the effect of C/D rather than having an effect of their own, assuming that 325 

the effect of fibers is not independent from the degree of confinement in 326 

geometrical terms or from concrete compressive strength. 327 

 The effect of fibers is assumed to be mainly dependent on fiber content (ܥ), but 328 

the effect of fiber content is modified by means of a function which depends on 329 

fibers geometry, ࣠. This way, it is considered that the effect of fiber geometry 330 

will depend on fiber content, which is a very reasonable assumption. 331 
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Estimated coefficients, together with the p-values obtained from the significance tests 332 

on these estimates, are shown in Table 4. All the variables and interactions considered 333 

in equations (1) and (2) have a statistically significant effect on the risk of splitting, as 334 

shown by their p-values (not greater than 0.10 in any case). 335 

 336 

5.2 Semi-empirical model obtained to predict splitting failures 337 

If  coefficients shown in Table 4 are introduced into equations (1) and (2), the final 338 

model for splitting probability is obtained: equation (3) relates splitting probability to 339 

the factors and interactions considered, and equation (4) presents the fiber geometry 340 

function ࣠ which modifies the effect of fiber content.  341 

݈݊ ൬ ͳ െ ൰ ൌ ͺǤͷͺ  ൫െͳʹǤ͵  ͲǤʹͳͻ ݂  ൯ܥ࣠  ܦܥ
(3) 

࣠ 342   ൌ  െͲǤͳͲͷ  ͲǤͲͲͲ͵ʹͷߣ  ͲǤͲͲͳͶκ (4) 

 343 

This model calculates values for the splitting probability p, but there is one last step so 344 

that it can be used to predict splitting cases: a cutoff probability value p* has to be 345 

established, so that situations where predicted p is p* or higher correspond to splitting 346 

cases, while situations where predicted p are below p* correspond to no splitting cases. 347 

The criterion to select this cutoff probability is based on classification efficiency: p* 348 

value has to be selected so that the maximum percentage of splitting cases are correctly 349 

predicted by the model. After trying different possibilities, the best option is p* = 0.5. 350 

This means that predicted probabilities of 0.5 or higher correspond to splitting cases. 351 

For all the combinations tested, the splitting probability is calculated and all 352 

observations are sorted into two groups: splitting and no-splitting according to the 353 

predicted p value. The classification obtained is shown in Table 5. It can be seen that 354 

the fitted model proves highly accurate in terms of overall classification capacity 355 

(95.1% of all cases are correctly predicted) and particularly in terms of correct 356 

prediction of splitting failures (96% of all splitting cases are correctly predicted).  357 

 358 

 359 

 360 

 361 
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5.3 Effect of compressive strength, C/D ratio and fibers content 362 

Figure 5 shows the values of splitting probability as predicted by the model –equations  363 

(3) and (4)– versus C/D and Cf values. This will be referred to as the splitting 364 

probability surface hereafter.  365 

It can be observed that higher compressive strength values require higher C/D ratios for 366 

splitting failure to be prevented. This can be interpreted as follows: when concrete 367 

compressive strength increases, concrete tensile strength is increased and therefore 368 

radial stresses developing around the rebar reach further away from it. In consequence, 369 

it is more likely that tensile stresses reach the surface of the specimen, this meaning a 370 

higher risk of splitting failure. As a result, higher concrete cover values are required 371 

when concrete compressive strength is increased. 372 

The horizontal plane in Figure 5 represents the cutoff probability set at p*=0.5 for 373 

classification purposes, which distinguishes splitting failures from pullout failures. 374 

Accordingly, the intersection between this plane and the splitting probability surface 375 

leads to the minimum concrete C/D values that are required to prevent splitting failures, 376 

as shown in Figure 6. This requirement varies with fiber content.  377 

The favorable effect of fibers when preventing splitting failures has been revealed to be 378 

more important for higher compressive strength values. The reduction in the minimum 379 

C/D ratio achieved when adding a certain fiber content to concrete is clearly bigger for 380 

50-MPa concrete than for 35-MPa concrete, as seen in Figure 6. 381 

There is another interesting remark to be made in relation to Figure 6. Since C/D of 5.0 382 

is usually accepted as a good confinement situation, it follows that no splitting of 383 

concrete cover should be expected. However, the validity of such an assumption is 384 

restricted, as seen in Figure 6: according to the model developed, a POT specimen made 385 

with 50-MPa concrete without fibers where C/D is 5.0 is likely to experience a splitting 386 

failure. 387 

 388 

5.4 Effect of fibers geometry 389 

Figures 7 and 8 illustrate the effect of fibers content and geometry (slenderness in Fig. 7 390 

and length in Fig. 8) together with C/D for a constant concrete compressive strength of 391 

45 MPa. 392 

Figure 7-left shows the splitting probability surface calculated for different values of 393 

fiber slenderness for a fiber length of 50mm. The three splitting probability surfaces 394 

shown in Figure 7-left are very close to each other. This points out that the effect of 395 
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fiber slenderness on the mode of failure of an anchorage, though statistically significant, 396 

is not very important in magnitud. The intersection of these surfaces with the horizontal 397 

plane p*=0.5 leads to Figure 7-right, where minimum C/D values are shown for 398 

different fiber contents and different values of fiber slenderness. It can be concluded 399 

that low fiber slenderness values are preferred to prevent splitting of concrete cover. 400 

The effect of fiber length on the mode of bond failure is more complex. Splitting 401 

probability surfaces for different fiber length values, assuming a fiber slenderness of 65, 402 

are shown in Figure 8-left. Contrarily to what has been observed concerning fiber 403 

slenderness, splitting probability surfaces for different fiber length values are clearly 404 

distinct. This clearly indicates that the effect of fiber length on the mode of failure of 405 

anchorages, besides being statistically significant, is highly relevant. Figure 8-right 406 

shows minimum C/D values required to prevent splitting failures after intersection of 407 

surfaces in Figure 8-left with the horizontal plane p*=0.5. It is observed that the 408 

favorable effect of increasing fiber contents is conditioned to fiber length. The use of 409 

long fibers can reverse the trends observed in Figures 5 and 6: when long fibers are used, 410 

increasing the fiber content would make the anchorage more prone to splitting and 411 

therefore higher C/D values would be required to prevent splitting failures. This would 412 

be the case of 60-mm length fibers, as observed in Figure 8-right.  413 

 414 

5.5 Exploitation of the model: minimum cover/diameter ratios 415 

The model obtained, given by equations (3) and (4), fits very well the experimental data, 416 

as explained in previous sections. However, some problems arise if this model is 417 

generalized and extended to values of the different factors outside the range within 418 

which they have been tested. This is illustrated in Figure 9, where the experimentally 419 

fitted equation is plotted for concrete without fibers. The shaded region defines the 420 

situations covered by the experimental results this model is based upon. In that case, 421 

there is a vertical asymptote for a concrete compressive strength value of 57.7 MPa. 422 

Therefore, the experimentally fitted equation is not valid for compressive strength 423 

values higher than 50 MPa. This equation, however, can be modified to overcome this 424 

difficulty. 425 

One hypothesis that can be assumed is that the definition of good confinement provided 426 

by the Model Code (FIB 2010) is a limit for splitting cases: a C/D value of 5.0 is always 427 

enough to prevent splitting failures. If this condition is imposed to the experimentally 428 

fitted equation, a continuous, smooth function can be proposed so that it best fits the 429 
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experimental curve and also the hypothesis arising from the Model Code [8]. This is 430 

shown in Figure 9 as "new equation", and for concrete without fibers it is as follows: 431 

ܦܥ ൌ ͷ  ݔ݁ ൬ ݂ െ ͵Ͳ͵Ǥͺ ൰ͶǤͷ  ͲǤʹ݁ݔ ൬ ݂ െ ͵Ͳ͵Ǥͺ ൰ 

(5) 

The same has been done for concrete with fibers. Figure 10 shows the curves 432 

generalized for different fiber contents, for ܥ࣠ values between –2.0 and 2.0 (tested 433 

values are between –2.5 and 2.5) in addition to unfibered concrete (ܥ࣠ = 0). This 434 

generalized "new equation" is: 435 

ܦܥ ൌ ͷ  ݔ݁ ൬ ݂  ͷܥ࣠ െ ͵Ͳ͵Ǥͺ ൰ͶǤͷ  ͲǤʹ݁ݔ ൬ ݂  ͷܥ࣠ െ ͵Ͳ͵Ǥͺ ൰ 

(6) 

However, following Figures 9 and 10 it is clear that the assumption that a C/D value of 436 

5.0 is always enough to prevent splitting failures is not compatible with the 437 

experimental observations reported herein. The curves arising from equations (5) and 438 

(6), forced by the horizontal asymptote C/D = 5.0, are excessively diverging from the 439 

experimentally fitted equation within the region covered by this experimental 440 

programme. Taking into account that the predictive capacity of the model is very high 441 

(95.1%), these new formulations introduce an excessive reduction of the model's 442 

accuracy. Therefore, the hypothesis that a C/D = 5.0 should always suffice must be 443 

rejected because it is in contradiction with experimental results. 444 

An alternative hypothesis can be considered: there might be a C/D value to prevent 445 

splitting failures in all cases, but this is not necessarily 5.0. Therefore, a continuous, 446 

smooth function other than (5) or (6) can be proposed as long as it meets the following 447 

two requirements: a) it must be consistent with the model obtained within the ranges 448 

covered by the experimental programme, and b) there must be a horizontal asymptote 449 

corresponding to a C/D value higher than 5.0. 450 

Accordingly, the following equation is proposed, and it is plotted in Figure 11 for 451 

concrete without fibers and two cases of concrete with fibers: 452 

ܦܥ ൌ ͳǤʹ  ሺͷǤ െ ͲǤʹܥ࣠ሻ  ݔ݁ ൬ ݂  ͷܥ࣠ െ ͷͲͷ ൰ͲǤ  ͲǤͻ݁ݔ ൬ ݂  ͷܥ࣠ െ ͷͲͷ ൰  

(7) 
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As can be seen in Figure 11, it follows that the general limit that may be assumed for 453 

cover/diameter ratio as well confinement would not be 5.0 but approximately 7.5, 454 

although this value needs confirmation in the future by performing new tests. 455 

Equation (7), together with equation (4) for the fiber geometry factor, is a generalized 456 

form of the model obtained from experimental observations. This means that it is totally 457 

valid within the ranges of values for the different factors tested in the experimental 458 

programme, and it has the same accuracy than the model given by equations (3) and (4). 459 

Furthermore, it presents no unreasonable discontinuities if it is generalized for values of 460 

the factors considered that fall outside the experimental region, and therefore it is 461 

adequate to be applied to values slightly different than the ones considered in the 462 

experimental programme. However, its validity and accuracy outside this region has to 463 

be checked by further experimental campaigns, especially regarding the absolute 464 

threshold of C/D = 7.5 and the redefinition of the situation of good confinement from 465 

C/D = 5.0 to C/D = 7.5. 466 

 467 

6. CONCLUSIONS 468 

 An accurate model for predicting the mode of bond failure has been developed. 469 

It relates splitting probability to the values of concrete compressive strength, 470 

rebar diameter, concrete cover, fiber content, fiber length, and fiber slenderness. 471 

It has been verified that the margin of error is less than 5%. 472 

 Higher compressive strength values require higher concrete cover/diameter 473 

ratios for splitting failure to be prevented. When compressive strength of 474 

concrete increases, concrete tensile strength is increased and therefore radial 475 

stresses developing around the rebar reach further away from it.  476 

 It has been proved that increasing fiber content reduces the risk of splitting 477 

failure. The favorable effect of fibers when preventing splitting failures has been 478 

revealed to be more important for higher concrete compressive strength values. 479 

 Fiber slenderness and fiber length modify the effect of fiber content on splitting 480 

probability and therefore on minimum cover/diameter ratios required to prevent 481 

splitting failures.  482 

 Higher fiber slenderness and/or fiber length values imply an increase in bond 483 

capacity of concrete and therefore require higher concrete cover values to 484 

prevent splitting when developing higher bond stresses.  485 
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 The favorable effect of increasing fiber contents is conditioned to fiber length. 486 

The use of long fibers can even lead to the fact that increasing fiber contents 487 

would make the anchorage more prone to splitting. 488 

 It appears that the definition of the good confinement situations corresponding 489 

to cover/diameter = 5.0, as established by the Model Code, is possibly 490 

insufficient for SFRCs when concrete compressive strength higher than 50 MPa. 491 

 492 
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FIGURES 587 

 588 

 589 

Figure 1. Bond stresses and radial stresses generated at the rebar-concrete interface. 590 

 591 

 592 

Figure 2. Longitudinal view of POT specimen according to RILEM recommendations. 593 

 594 

 595 

Figure 3. Cross-section of POT specimens. 596 

 597 
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   598 
Figure 4. Force diagram (left) and a view of the pull out test as performed in this 599 

research (right). 600 
 601 

  602 

Figure 5. Splitting probability surfaces for concrete between 40MPa and 50MPa 603 
reinforced with 80/35 steel fibers. 604 

 605 
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 606 

Figure 6. Minimum C/D values to avoid splitting failure of concrete reinforced with 607 
80/35 steel fibers. 608 

 609 

  610 

Figure 7. Splitting probability surfaces (left), and minimum C/D values to avoid 611 
splitting failure for 45-MPa concrete reinforced with 50-mm fibers (right). 612 

 613 

  614 

Figure 8. Splitting probability surfaces (left) and minimum C/D values to avoid splitting 615 
failure, for 45-MPa concrete reinforced with fibers of slenderness 65. 616 

 617 
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 618 

Figure 9. Function to relate min C/D to compressive strength (optimum C/D=5.0 619 
according to Model Code) 620 

 621 

 622 

Figure 10. Generalized function to relate min C/D to compressive strength (optimum 623 
C/D=5.0 according to Model Code). 624 

 625 
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 626 

Figure 11. Generalized function to relate min C/D to compressive strength (Model Code 627 
optimum C/D=5.0 not assumed). 628 

 629 

  630 
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TABLES 631 

 632 

Table 1. Factors and levels considered. 633 

 Type I mixes Type II 
mixes 

Type III 
mixes 

Rebar diameter, mm 
8 
16 
20 

8 
12 
16 

8 
12 
16 

Concrete cover 
C1=30mm 

C2= (C1+C3)/2 
C3=5 D 

C1=2.5 D 
C2=3.5 D 
C3=5.0 D 

C1=2.5 D 
C2=3.5 D 
C3=5.0 D 

Fiber geometry 
(slenderness / length) 

65/60 
80/50 

45/50 
80/50 
80/35 

45/50 
80/50 
80/35 

Fiber content, kg/m3 
0 
40 
70 

0 
40 
60 

0 
40 
60 

 634 

Table 2. Reference mix designs (kg/m3). 635 

 Type I Type II Type III 

Water/Cement 0.60 0.45 0.55 
Cement 325 440 325 
Sand 0/4 1006 957 1050 
Coarse aggr. 7/12 544 723 835 
Coarse aggr. 12/20 362 - - 
Filler - 72 37 
Superplasticizer 1.40 10 1.40 

 636 

Table 3. Combinations tested and number of splitting cases observed. 637 

Combination 
Fibers 

geometry 
(ɉf Ȁ lfȌ Fiber 

content 
(kg/m3) 

Rebar 
diameter 

(mm) 

Concrete 
Cover 

Bond 
strength 
(MPa) 

Splitted 
specimens 

I-1 65/60 40 16 C1 6.24 0 
I-2 - 0 8 C2 8.36 0 
I-3 65/60 70 20 C3 18.44 0 
I-4 65/60 40 8 C3 7.78 0 
I-5 - 0 20 C1 -- 3/3 
I-6 65/60 70 16 C2 6.83 0 
I-7 80/50 40 20 C2 11.79 0 
I-8 - 0 16 C3 5.76 0 
I-9 80/50 70 8 C1 5.62 0 
II-1 - 0 8 C1 15.52 1/3 
II-2 80/35 60 8 C2 31.12 0 
II-3 45/50 40 8 C3 21.35 0 
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II-4 45/50 60 12 C1 -- 3/3 
II-5 80/50 40 12 C2 23.90 2/3 
II-6 - 0 12 C3 25.29 0 
II-7 80/35 40 16 C1 -- 3/3 
II-8 - 0 16 C2 -- 3/3 
II-9 80/50 60 16 C3 -- 3/3 
III-1 - 0 8 C1 -- 3/3 
III-2 80/50 40 12 C2 14.37 0 
III-3 80/50 60 16 C3 21.95 0 
III-4 - 0 12 C3 13.83 0 
III-5 45/50 40 16 C1 -- 3/3 
III-6 45/50 60 8 C2 22.00 0 
III-7 - 0 16 C2 21.15 1/3 
III-8 80/35 40 8 C3 14.03 0 
III-9 80/35 60 12 C1 20.98 0 

 638 

Table 4. Estimated coefficients and significance tests for the semi-empirical model 639 
obtained for splitting probability. 640 

  Coefficient p-value 

(constant)  8.58577 -- 
Cover/Diameter, C/D ௗ -12.629 0.0000 ComprǤ Strengthǡ ࢉࢌ CȀD  0.219206 0.0000 

Fiber Content, ࢌ C/D  -0.105321 0.0004 Fiber Slendernessǡ ࢌࢌࣅ CȀD ఒ 0.00032465 0.0799 Fiber Lengthǡ रࢌࢌ CȀD κ 0.0017429 0.0003 

 641 

Table 5. Classification table, threshold probability of 0.5 (semi-empirical model). 642 

Observed 
Predicted Percentage correct pullout splitting 

pullout 56 53 3 53/56= 94.6% 
splitting 25 1 24 24/25= 96.0% 

Total: 56 + 25 = 81 specimens 
overall 

(53 + 24)/81= 95.1% 

 643 

 644 


