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Abstract 

The use of high-performance concretes holds great promise for many structural applications.  This paper investigates the 

performance of these materials when used in combination with traditional reinforcing bars.  An improved understanding of 

failure during reinforcing bar pull-out from high-performance concretes is needed in order to better predict the embedment 

length required to develop full reinforcing bar pull-out strength and the required thickness of reinforcing bar cover for adequate 

corrosion protection.  The cracking structures surrounding the reinforcing bars were analyzed using x-ray computed 

tomography (CT) in order to determine the stress states causing failure.  This was accomplished by conducting in-situ 

reinforcing bar pull-out experiments during CT scanning.  A conventional concrete, a high-strength concrete, and a high-

strength fiber reinforced concrete were all tested during the experiments.  The results of these experiments showed that the 

levels of brittleness of the different concrete materials had a major impact on the failure mechanisms that they experienced 

during reinforcing bar pull-out.  It was also clear that the specimen geometry and the casting method had a major impact on 

fiber orientation.  The inclusion of fibers within concrete was also found to significantly improve strength and corrosion 

protection during reinforcing bar pull-out. 
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1  Introduction 

1.1  Use of Steel Fibers and Reinforcing Bars in Concrete Structures 

Most concrete materials are strong in compression, but very weak in tension.  When used in structural applications, steel 

reinforcing bars are typically embedded within concrete in order to carry the necessary tensile loads.  The use of steel 

reinforcing bars in concrete structures has been common for more than 100 years, but many behavioral aspects of this 

composite material remain difficult to predict and understand [1].   

 

Although the use of high-tensile strength fibers in cementitious materials also has a history spanning more than 100 years, it 

has only been since the 1970s that fibers have become commonly used in concrete structures [1,2].  Most building codes do not 

yet permit the use of fibers to carry structural tensile loads given both the wide range of fiber types and the significant 

variations in fiber orientation that occur within concrete structures because of inconsistent casting methods [3,4].  However, 

the inclusion of fibers within concrete mixes can also provide beneficial secondary effects, such as confining the material 

around reinforcing bars and reducing the vulnerability of the reinforcing bars to corrosion by limiting the number and size of 

major cracks in structural members.   

 

An improved understanding of these secondary effects could result in significant reductions in the embedment length required 

to develop full reinforcing bar pull-out strength for structural members containing fibers.  The provisions requiring concrete 

cover of reinforcing bars for protection against corrosion could also be revised to require less cover material in structural 

members containing fibers.  Reductions in both of these provisions would greatly decrease the amount of construction 

materials needed for many common building types.  This would, in turn, reduce both building costs and the environmental 

impact of construction. 

 

Parallel with the development of fiber-reinforced concretes has been the development of high-strength concretes.  When fibers 

are included in high-strength concretes, materials often result which exhibit higher tensile and compressive strength than 

conventional concrete while also possessing significant ductility [5].  These materials are often called high-performance 

concretes.  Their study in combination with traditional reinforcing bars, however, has been somewhat limited.  Composite 

materials made from these two components have much potential for improving the performance of structural members.                                  

 

To study the interactions of high-performance concretes with reinforcing bars, more advanced methods must be used than the 

traditional methods of external crack measurement and load performance evaluation.  This is because the complex cracking 

structures within specimens must be evaluated in order to determine the dominant stress states causing the primary cracking 

types.  In order to achieve these results, nondestructive testing (NDT) techniques need to be used to evaluate concrete structure 

and damage. 
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1.2  Use of CT in Concrete Research 

X-ray CT provides one of the most accurate methods of assessing internal concrete cracking without upsetting the properties of 

a damaged specimen.  X-ray CT scans provide 3D images of the internal material structure of specimens.  Measurements of the 

distribution of material components and the distribution of damage obtained from x-ray CT images are useful for gaining a 

better understanding of the state of the internal concrete structure before and after loading.   

 

Previous research has shown that x-ray CT scans can be taken at deformation increments during unconfined compression, split 

cylinder, and triaxial tests [6-9].  This is particularly useful since it facilitates the measurement of cracking initiation and 

propagation in a single specimen as a function of the load and deformation state.  One of the major advantages of this method 

is that it allows for the combination of real time instrumentation, such as strain gages, load cells, and acoustic emission 

transducers, with incremental x-ray CT scanning during loading [10].   

 

A number of studies have also been completed that extended the breadth of x-ray CT research into new areas of concrete 

material evaluation.  These include the evaluation of concrete reinforced with steel fibers [11,12] and concrete reinforced with 

standard deformed steel bars [13-15].  At the time of this publication, no previous x-ray CT research efforts had been identified 

which were focused on reinforcing bars embedded within either very high-strength concrete or fiber-reinforced concrete.  

2  Program Description 

2.1  Experimental Setup 

A research program was developed to investigate the interactions between traditional reinforcing bars and concretes with 

varying strength and fiber characteristics.  In order to evaluate the internal material and cracking structures of the specimens, 

an x-ray CT scanning system located at the University of Florida was used during all experiments.  A 225-kV microfocus x-ray 

tube was used to generate the x-ray beam.  The active image sensor area of this system was 285 mm x 406 mm and had an 

array of 2240 x 3200 pixels with a pixel size of 127 µm [16].   

 

Critical to the success of this program, however, was ensuring that cracking characteristics could be measured during in-situ 

specimen loading.  In most CT research on concrete, specimens have to be unloaded during scanning.  This is because the 

presence of sizeable material components, such as aggregate and fibers, dictate the use of large representative specimen sizes.  

However, it is costly and difficult to install the large loaders necessary to test these specimens within CT scanning machines.  

As a result, when external loaders are used for CT research, the unloading of specimens prior to CT scanning allows cracks 

within the concrete materials to close.  This crack closure during unloading is related to a number of factors such as elastic 

recovery within test specimens and is particularly pronounced for concrete containing steel fibers and reinforcing bars, which 

have much larger elastic recovery ranges than the materials around them.  This closure makes it much more difficult to identify 

cracking in CT images of unloaded specimens. 

   

It has been demonstrated by Martin [14], however, that a reinforcing bar can be pulled out of the center of a concrete cylinder 

without an external load frame by utilizing a hydraulic jack that is supported on the cylinder surface.  A new loading frame was 

designed and fabricated for this research program which included a series of significant improvements on the original design 

by Martin [3,14] (Figure 1).  Using this frame, a hydraulic jack could be employed to place a desired level of load or 

displacement on a given reinforcing bar.  Once this loading had been achieved, setting screws could be tightened to carry the 

load and the hydraulic ram could be de-pressurized.  The primary advantage of this system was that the setting screws were 

able to hold sustained displacement on the reinforcing bar.  A major secondary advantage was that since the ram was de-

pressurized after loading, the hydraulic jack and hoses could be disconnected from it, which greatly simplified the placement 

of the specimen within the scanner. 
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Figure 1: Reinforcing bar pull-out loading mechanism. 

During the experiments, CT scans were completed at varying increments of load in order to measure the initiation and spread 

of damage prior to failure.  Table 1 provides a summary of the load increments.   

 

Scan Number Event 

1 Prior to loading 

2 Load has reached reinforcing bar yield strength 

3 Load has reached reinforcing bar tensile strength 

4 Specimen or reinforcing bar break 

Table 1: Loading regime for reinforcing bar pull-out experiments. 

2.2  Material Selection and Fabrication 

The goal of this research effort was to characterize the reinforcing bar pull-out behavior of a conventional concrete, a high-

strength concrete, and a high-strength fiber reinforced concrete.  A concrete mix called SAM-35 was used for the conventional 

concrete material.  SAM-35 was developed by the U.S. Army Engineer Research and Development Center (ERDC), is made 

from a very consistent mix design, and has been extensively characterized in previous research programs.  Its target 

compressive strength is approximately 24.1 MPa [17].   

 

The high-strength concrete and the high-strength fiber reinforced concrete were both cast using variations of the standard Cor-

Tuf mix design.  Cor-Tuf is the name that was given to a family of high-performance concretes developed at the ERDC.  

Versions of Cor-Tuf both with and without steel fibers have been extensively characterized by previous research and are 

distinguished by high compressive strengths which generally range from around 190 MPa to 244 MPa [18,19].   

 

The fiber-reinforced Cor-Tuf material is also characterized by very high tensile strengths, although exact measurements of 

tensile strength vary widely depending on the specific testing method used [3,18,19].  The sizes and shapes of the specimens 

required for the different characterization tests differ significantly.  There is also a lack of uniformity in the casting procedures 

used to create those specimens.  These inconsistencies among the different testing techniques lead to corresponding disparities 

in the fiber orientations typical of their respective specimens.  These fiber orientation variations are probably the primary cause 

for the lack of consistency in the predictions of tensile strength [3,20,21].   

 

The steel fibers used in making the fiber-reinforced Cor-Tuf were the Dramix
®
 3D-55/30 BG product of N.V. Bekaert S.A.    

The reinforcing bars that were used in these experiments were Grade 420, #10 bars (as defined by ASTM SI designations).  

These reinforcing bars were 9.5 mm in nominal diameter with a minimum yield strength of 420 MPa and a minimum tensile 

strength of 620 MPa [22].  

 

For each of the three concrete types, two cylindrical specimens 76-mm in diameter by 152-mm in height were cast by hand.  

Each specimen contained a single reinforcing bar which was radially centered and embedded 121 mm into one end.  This 

reinforcing bar protruded outward from the embedded end of the specimen a number of centimeters to facilitate attachment of 

the in-situ loader. A third specimen containing the Cor-Tuf material with fibers was added to the testing program because of a 

loader malfunction during one of the first two experiments on that material.   
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3  Results 

Although both the SAM-35 and the fiber-less Cor-Tuf specimens were, in their essence, composed of brittle cementitious 

material surrounding a reinforcing bar, they exhibited quite different failure mechanisms (Figure 2).  Both types of specimens 

appeared to split with three primary radial cracks.  Also visible within post-failure images of both specimen types are the 

presence of multiple cone-type cracks, which begin at the crest of individual lugs along the reinforcing bar surface, but 

coalesce into fewer cracks as they protrude toward the external surface of the specimens.  The fiber-less Cor-Tuf specimens 

also, however, experienced a third major failure mechanism, which was the complete severance of the bottom of the specimen 

below the bottom of the reinforcing bar. 

 

 
Figure 2: Typical failure patterns for SAM-35 (left) and Cor-Tuf without fibers (right). 

The coalescence of the many cone-type cracks along the reinforcing bar surface into fewer cracks at the specimen surface is an 

indication that for many reinforced concrete applications, the measurement of surface cracks may only be an indication of a 

much larger number of cracks deeper within specimens.  A thorough understanding of this characteristic is essential for many 

applications, most especially for the prediction and prevention of corrosion. 

 

The failure mechanism occurring at the bottoms of the fiber-less Cor-Tuf specimens is unique since the bottoms of the 

specimens were not anchored against the pulling of the reinforcing bar and, thus, would not seem to inherently resist its pull-

out.  The cause of this failure type is indicated by the changing number of radial cracks over the height of the specimens. 

Figure 3 contains a series of image slices taken along the height of a typical fiber-less Cor-Tuf specimen.  This specimen had 

four radial cracks near the bottom of the reinforcing bar, but the number of large radial cracks gradually grew to more than six 

at the top of the specimen.   
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Figure 3: Growth of radial cracks over fiber-less Cor-Tuf specimen height from bottom (left) to top (right). 

This growth in radial cracks with specimen height is an indication of greater radial expansion of the specimen towards its top.  

This is not surprising since strain in the reinforcing bar was the highest close to the loader and, correspondingly, applied the 

most stress to the concrete surrounding the reinforcing bar in that location.  This variation in radial expansion over height, 

however, also created a moment at the bottom of the reinforcing bar, where there was effectively no expansion force.  It is 

thought that the cracking at the bottom of the reinforcing bars for the fiber-less Cor-Tuf specimens was due to this moment.  

Fiber-less Cor-Tuf is thought to experience this type of failure because it is much more brittle than SAM-35.  This makes fiber-

less Cor-Tuf unable to sustain a highly variable level of expansion over its height without cracking in flexure.  

 

During these experiments, Cor-Tuf specimens with fibers always failed through rupture of the reinforcing bar above the top of 

the concrete surface of the specimen.  This was somewhat unfortunate in that the goal of this research was to examine concrete 

material response during reinforcing bar pull-out.  However, this type of failure also served as a demonstration of the positive 

effect that the inclusion of steel fibers can have on reinforcing bar pullout strength.   

 

It was possible, however, to observe from the images of Cor-Tuf specimens with fibers, the locations and orientations of cracks 

caused by the reinforcing bars prior to the breaking of those bars.  It was also clear from many of the specimen images that the 

distribution and orientation of the fibers was not isotropic.  In many of the images, more fibers appeared to be isolated on one 

side of a reinforcing bar than on the other side (Figure 5).   

 

 
Figure 5: Images of cracking at the top of a typical Cor-Tuf specimen containing fibers both before (top) and after (bottom) reinforcing bar 

failure.  During the scanning of the left image, the specimen was subjected to sustained loading just below the ultimate capacity of the 

reinforcing bar.  The right image was scanned after failure of the reinforcing bar, when the specimen was not loaded. 

Figure 5 also demonstrates the presence of typical cone-type cracks at the top of Cor-Tuf specimens including fibers.  It is 

clear in these images that the fiber distribution had a significant impact on the structure of cracks.  Figure 5 demonstrates that 

the area of low fiber density on the right of each image was far more susceptible to cracking than the high fiber density area on 

the left.  At least two distinct cone-type cracks are visible on the right side of the left image, originating at lug locations, while 

the left side of that image shows no clear cracking.   

 

During these experiments, there was also a desire to determine the contribution of sustained loading to maintaining open 

cracking structures.  It was thought that the removal of load could cause cracks in the concrete material to close.  Qualitative 

assessments indicated that for many specimens, cracks were more prominent within the loaded, pre-failure images than in the 

unloaded, post-failure images (Figure 5).  This appeared to be especially true for the area immediately around the reinforcing 

bar, which was logical since that was the area with the most significant change in strain when unloaded.   

 

It was, however, unclear to what extent this variation in the images might also have been due to darkening of the top of the 

specimens in the post-failure images.  This darkening was caused by the removal of the loading mechanism from the top of the 

specimens prior to the post-failure scans.  In any case, it was not possible to easily quantify this phenomenon, and further 
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research into this area is needed in order to obtain a more comprehensive understanding of the relationship between the 

cracking structures observed from CT scanning and sustained load. 

 

Although quantitative void analyses had been successfully completed for previous experimental efforts that were part of the 

same overall research program [3,9], no such analysis was completed for the series of experiments described in this paper.  

Although implementing such a qualitative void analysis for this series of experiments would have presented a number of 

technical challenges, it was primarily avoided for other reasons.  The main reason for not completing a qualitative void 

analysis was the inherent inadequacy of the resulting measurements such as void volume and void surface area to account for 

the complex cracking phenomena present during reinforcing bar pull-out.   

 

These types of quantitative void measurements are most useful when test methods are selected that are expected to result in 

cracking primarily related a single stress state.  For the reinforcing bar pullout experiments, however, the radial cracks were 

caused by tensile splitting due to circumferential strain, the cone-type cracks at the tops of specimens were caused at least 

partially by shear forces, and the cracks at the bottoms of the specimens appeared to primarily result from flexure.  Thus, the 

use of single cracking-related measurements, such as void volume or void surface area, to describe material performance 

would not have adequately captured the mechanics of the actual failure process. 

 

As already mentioned, a number of additional experimental efforts were completed prior to the experiments described in this 

paper as part of the same overall research program.  The specimens used in these previous experimental efforts were similar in 

shape and size to those described in this paper.  They were also cast from the same Cor-Tuf material containing fibers.  These 

previous specimens did, however, differ from the specimens described in this paper in two significant ways.  First, the previous 

set of specimens contained no reinforcing bars, which have already been shown to cause fibers to catch on one side of the bars 

during casting.  Second, in contrast to the reinforcing bar pull-out specimens, which were cast individually by hand using small 

scoops, the specimens used in previous experimental efforts were extracted from a single large slab using of a coring drill.  

This large slab was cast directly from a concrete mixing truck.  Renderings of typical fiber distributions both for the 

individually cast reinforcing bar pull-out specimens and for the cored specimens from the previous experimental efforts are 

included in Figure 6. 

 

  

Figure 6: Typical fiber distributions for cored (left) and individually cast (right) specimens. 

It is clear from Figure 6 that although the fiber orientations of the cored specimens demonstrated highly anisotropic behavior, 

those of the individually cast specimens appeared to be much more isotropic.  The lower level of preferential fiber orientation 

within the individually cast specimens was probably a result of their casting process, in which molds were filled by hand with 

concrete scoops.  This prevented the thorough alignment of fibers during flow into the molds, as opposed to the flow-based 

casting of the large slab directly from a concrete truck.  This may provide an indication that fiber alignment is, in general, more 

influenced by casting method than by specimen size. 
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4  Discussion 

This research program demonstrated that x-ray CT can be used to very effectively study relatively large concrete specimens 

containing both steel fibers and reinforcing bars.  An in-situ mechanical loader was also successfully designed and used to 

execute the reinforcing bar pull-out experiments.  This loader was able to maintain sustained load on the specimens during CT 

scanning and was used to demonstrate the importance of active loading for preventing crack closure.  An analysis of CT 

images collected both with and without sustained loading indicated that it is easier to detect and measure small cracks within 

the loaded concrete specimens than unloaded ones. 

 

It was also found that casting method has a major impact on the orientation characteristics of steel fibers.  Specimens which 

were cast individually within small molds had much more isotropic fiber distributions than specimens which were cored from 

large concrete slabs.  Although this more isotropic fiber distribution within the small, individually cast specimens reduces the 

likelihood and severity of internal planes of weakness, it also means that the use of small cast specimens does not accurately 

represent the actual conditions in structural members.  These findings indicate that large structural members are, in fact, likely 

to contain planes of weakness which must be properly controlled to prevent premature structural failure. 

 

The pull-out tests for specimens cast from high-strength fiber reinforced concrete also demonstrated the great level of 

confinement provided to the reinforcing bars by this material.  This is an indication that the embedment length required to 

develop sufficient reinforcing bar pull-out strength can perhaps be significantly reduced in building code provisions for 

materials of this type.  The role of the fibers in inhibiting the penetration of cracking from the surface of the specimens to the 

reinforcing bars also demonstrates the potential of these materials for reducing the vulnerability of reinforcing bars to corrosive 

substances.  Reinforcing bars embedded in fiber reinforced concrete are, correspondingly, unlikely to require nearly the same 

depth of cover material in order to receive equivalent corrosion protection when compared to conventional reinforced concrete. 

 

It was also found, however, that there is a potential for fibers to become caught on one side of the reinforcing bars during 

casting.  This leads to a zone of weakness with low fiber density on the opposite side of the reinforcing bar.  It may be 

necessary to prescribe specific casting methods and fiber shapes to limit the overall impact of this effect. 

 

These experiments also demonstrated that the cracking structure resulting from pull-out failure can be greatly impacted by the 

brittleness of the concrete material.  This is because variability in the amount of strain over the length of the reinforcing bar 

during pull-out causes uneven expansive forces on the concrete.  These expansive forces result in a moment at the base of the 

reinforcing bar which can result in failure of the specimen if the concrete material is unable to accommodate the necessary 

level of flexibility. 

 

The results of this research program demonstrate that the use of fiber-reinforced concretes could result in reductions in the 

embedment length required to develop full reinforcing bar pull-out strength and reductions in the amount of concrete cover 

required to protect reinforcing bars from corrosion.  These benefits hold great potential for the construction of lighter, more 

efficient, and, ultimately, more environmentally friendly structures. 
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