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Numerical and experimental study
of the optimal specimen geometry
for direct tension strength tests

in high tensile strength fiber
reinforced concrete
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The accurate determination of the tensile strength of concrete is a topic of growing interest, especially
driven by the new ultra-high tensile strength fiber-reinforced concretes. However, this is a complex
task, as traditional methods provide inconsistent results (both splitting tensile test and 3-point
bending test). The most robust method is the direct tensile test. However, in concrete, it poses a
technical challenge that has not yet been satisfactorily solved. The aim of this study is the design of a
test specimen that maximizes the percentage of successful failure and also allows a viable anchorage
solution to the load application equipment, especially for high and ultra-high tensile strength
concretes. An optimized geometry of a bone-shaped specimen that maximizes the probability of
collapse occurring at the central neck is presented. First, a mathematical function of the generatrix of
the bone-shape specimen is presented. The behavior of the solution is also analyzed numerically and
statistically, comparing it with other commonly used solutions for direct tensile tests. Additionally,
the design, fabrication, and calibration of a tailored cardan joint for load centering, thus minimizing its
eccentricity and the dispersion of the results. Finally, the results of a static test campaign carried out
on six carbon-fiber reinforced high tensile strength concrete specimens. The proposed bone-shaped
specimen shows a much higher percentage of successful failures than the other specimen geometries
commonly used for tensile testing, which improves the quality of tensile characterization test
campaigns for high and ultra-high tensile strength concretes.

Keywords Ultra-high strength concrete, Direct tensile strength test, Fiber-reinforced concrete, Monte Carlo
method, Cardan joint

Technological advances in the field of high performance concretes have led, in recent years, to the development of
ultra-high tensile strength concretes!?. These concretes show, as a fundamental property, a much higher tensile
strength than conventional ones, which is achieved either by modifying the microstructure of the cementitious
matrix (incorporating, for example, nanoparticles)*=>, or by including fibers®°. This also results in a substantial
improvement of its ductility and fracture energy.

These materials provide interesting advantages in those concrete constructions where tensile stresses are
moderate or low and can thus avoid the use of conventional reinforcement. These include pavements, weakly
stressed footings, tunnels or dams, among many others!®-12,

In this context, the evaluation of the tensile strength of the material is essential, at the same level as its
compressive strength. However, the accurate estimation of the tensile strength of concrete remains a technical
challenge that has not been satisfactorily solved. Currently, the tensile strength of concrete is measured by
indirect procedures, such as three-point bending tests (ASTM C1609/C1609M %, EN 14651:2005 + A1:2007') or
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the splitting tensile test (ASTM C496/C496M!>16. EN 12390-6:2009'6). The main advantage of these procedures
is their ease of execution, using conventional laboratory equipment. However, their main limitation is that the
tensile strength is obtained indirectly. Since the distribution of tensile stresses is not homogeneous throughout the
specimen cross-section, the strength obtained by the two methods mentioned above is lower. Therefore, certain
assumptions must be made to infer the indirect tensile strength from the direct tensile strength. Consequently,
these traditional procedures are suitable for comparing concretes, but not for accurately determining their real
tensile strength.

The only procedure that allows a real estimation of the tensile strength of concrete is the direct tensile test
(DTT). This test is conceptually very simple: the specimen is subjected to an increasing tensile force until failure.
The tensile strength is the quotient of the tensile force and the cross-section at failure. However, its realization
involves solving a series of technical difficulties that, ultimately, are concentrated on the geometrical definition
of the test specimen.

To date, the only standard regulating direct tensile strength tests in concrete is RILEM TC 162-TDF',
which employs a cylindrical specimen measuring 150 x 150 mm with a central annular notch 15 mm deep.
The drawback of this approach is that failure originates at the edge of the annular notch, where a strong stress
concentration occurs, and the stress field is far from uniaxial. Consequently, it cannot be assumed that the
strength obtained corresponds to the uniaxial tensile strength of the concrete.

To address the issues related to stress concentration, direct tensile test standards typically use bone-shaped
specimens with smooth transitions designed to ensure failure occurs in the central neck, where the stress state
is more closely approximated to uniaxial tension. Examples include ASTM C190 for mortars, ASTM B557M
for aluminum and magnesium alloys, ASTM E8/E8M for metallic materials, and ASTM D638 for plasticsls‘zl.

In recent years, numerous research studies have focused on evaluating the tensile strength of concrete??~%.
However, there is no consensus on the optimal specimen geometry, and the wide variety of shapes employed
complicates the comparison of results across studies. Each specimen design presents its own set of advantages
and limitations. Broadly, the specimens can be categorized into four geometric configurations, which are
described below.

The first geometry is the cylindrical specimen®3!. It is identical to the one used for compression tests. Its
main drawback is the way of connecting the specimen to the testing machine to properly transmit the load. The
most common solution is to glue the upper and lower flat faces of the specimen to the tensile machine using
epoxy resins. The adhesive capacity of the resins is not very high, so the solution may be valid for conventional
concretes, but not for high tensile strength concretes (where the tensile strength of concrete exceeds that of
epoxy resin). Alternatively, a metal piece (i.e. a rebar) can be left embedded, as an anchor, at both ends and
pulled®. In both cases, significant stress concentrations occur in the bond regions of the specimen, leading in
many cases to unsatisfactory failures. A variant of this geometry is the prismatic specimen, which shows the
same advantages and disadvantages as the cylindrical one?®?%,

The second geometry is the cylindrical or prismatic specimen with a notch!”3. This generates a plane
of weakness in the specimen (usually centered on its length), so that failure always occurs in this plane. The
disadvantage is that, in that region, there is a strong stress concentration; the stress field is far from being
unidirectional and the estimation of the tensile strength is neither simple nor direct.

The third geometry is the “briquet” specimen, which is the one proposed in ASTM C190'. 1t is a biscuit-
shaped specimen of small thickness. It has two rounded ends intended for gripping (requiring no adhesive) and
a central neck, of smaller cross-section, where failure is expected to occur®. This solution presents two major
problems. The first is that the cross-section of the specimen is variable along its entire length, so the stress state
of the specimen is strongly two-dimensional, and quite complex. Again, estimation of the tensile strength of
the material is neither simple nor straightforward. The second problem is that the specimen is cast according
to a pour direction perpendicular to the tensile direction. This also occurs in the prismatic specimens of the
geometries described above. In the case of plain concrete, this may not be a problem, but in the case of fiber-
reinforced concrete, this fact can have a significant influence on the fiber orientation and, consequently, on the
tensile strength.

The fourth geometry is the bone-shaped specimen. This solution is adopted because of its similarity to
the specimens used in other materials (especially metallic materials). There are two versions of it. The first is
the “cookie” type solution, with a rectangular cross-sections?»2>32-3437.38 and the second one is the revolving
solution, with a circular cross-sections*®~!. In these specimens, three clearly differentiated parts are identified,
namely, the central neck, whose section is constant and of minimum size, the extreme heads, whose section is
constant and of larger size, and the transition regions that connect the central neck with the extreme heads. In
all cases, the fixing of the specimen to the testing machine is made either by resin bonding or by means of an
embedded steel bar.

The bone-shaped specimen is the most widely used specimen because it best balances the advantages and
disadvantages. This geometry ensures that the maximum stresses do not occur at the ends, where the specimen
is clamped to the testing machine. The test result is considered valid as long as the failure occurs within the
central neck, where the stresses are appreciably uniaxial. Provided that the dimensions of the transition regions
and extreme heads are adequate, the complex stress fields occurring in these regions will be small enough to
prevent failure.

Among the bone-shaped specimens, the most common are the “cookie” type, due to their ease of fabrication
(they require a simpler mold), although they present the problem that the casting direction does not coincide
with the test direction. On the other hand, the revolving solution requires a more complex and, therefore, more
expensive mold. Its main advantage is that the casting direction coincides with that used in the manufacture of
cylinders for compression tests, so it is expected that the morphology of the microstructure and the orientation
of the fibers will follow similar patterns in the specimens used for compression and tensile tests.

Scientific Reports |

(2025) 15:10820 | https://doi.org/10.1038/s41598-025-94471-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

The bone-shaped specimen will behave correctly during the test if the failure occurs within the central neck,
where the stress flow is essentially uniaxial tensile. In this case, the tensile strength of concrete is calculated as the
quotient between the maximum tensile load and the cross-section of the neck. In addition, and similar to what is
done with cylindrical specimens subjected to compression, it is possible to obtain the tensile stress-strain curve,
the tensile modulus of elasticity or the Poisson’s ratio, among other parameters.

However, for the bone-shaped specimen to behave correctly, it is necessary to carefully design its generatrix.
In the most general case of a bone-shaped specimen, the generatrix is composed of three straight sections joined
by two curved sections (Fig. 1).

The different specimens used in the research work carried out differ from each other precisely in the
aforementioned transition sections. Thus, for example, the different solutions that can be found in the literature
are classified into three large groups (Fig. 2).

A first group corresponds to those specimens in which the transition curve is simply a straight section
forming a certain angle with the directrix. The generatrix is, in this case, a polygonal function composed of five
straight sections. Some variants of this solution are a generatrix composed by four straight sections (without
central neck), by three straight sections (without extreme heads), and even by two straight sections (without
extreme heads and without central neck)3$-4°,
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Fig. 1. Parts of a bone-shaped specimen.
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Fig. 2. Types of bone-shaped specimens depending on their geometry.

A second group corresponds to those specimens in which the transition curve is a circumferential arc. In all
cases, the arc of the transition curve is tangent to the straight section that constitutes the central neck. In some
cases, the arc of the transition curve is perpendicular to the straight section constituting the extreme head, while,
in other cases, it is oblique®.

There is a third group in which the transition curve shows a different geometry, which is neither a straight
section nor an arc of circumference. Within this group is the proposal developed and patented by Vicente and
collaborators?!.

In this work, a specimen solution is proposed for direct tensile testing of high-strength fiber-reinforced
concrete. The specimen features a revolution bone geometry, based on the patent by Vicente et al.*!. The interest
in this proposal lies in the fact that the geometry has been specifically designed to reduce stress concentration and
maximize the probability of failure occurring in the desired region of the specimen. Therefore, it is considered
a potential basis for the standardization of this type of test. The proposed specimen has been experimentally
studied through a campaign of static tests. However, to fully validate the solution, tests considering multiple
variables—such as the type of concrete (plain, with steel fibers, with plastic fibers), its strength, or the type and
properties of the applied adhesive—are required.

Geometrical definition of the bone-shaped specimen
The proposed specimen has a geometry of revolution in which the generatrix defining its contour is composed
of (Fig. 3):

o A central straight section, which has a first diameter D . and a first length H,

« Two extreme straight sections having a second diameter D, and a second length H,, and.

« Two transitional curved sections having a third length H,. In this case, the transition curves are polynomials
of degree 2 or higher.

The exact geometrical definition of the generatrix is determined from the radius 7 (z) of the specimen as a
function of its height. Its mathematical expression is given in the following equation defined by five sections
(Eq. (1)) (Fig. 4):

0<z< H>
+%'(H2+H3—Z)n+2 Hs < z < Hs + Hjs
r(z) = H> + H3 < z< H>+ Hs + Hi (1)

+%'(Z—H2—H3—H1)n+2 Hy+Hs+Hi <2< Hy+2-Hs+ H;
Hy+2-Hs+Hi<z<H

NERCRCRCNT

where n is an integer greater than or equal to 0, which defines the degree of the polynomial defining the upper
and lower transition curves, and z is the height variable, associated to the Z-axis. In fact, this is not a unique
proposal, but rather a family of solutions.

The bone-shaped specimen described in this paper is the solid enclosed in the surface created by revolution
of the above mentioned generatrix around the axis of revolution (Z-axis). The coordinates of the points in
space belonging to the solid that forms the specimen, (r, 6, z) are those that satisfy the following mathematical
conditions (Eq. (2)):
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Fig. 3. Geometrical definition of the bone-shaped specimen.

Criteria for comparison of test specimens

The parameter for comparing the quality of the different solutions of bone-shaped specimens is the percentage
of specimens that have an unsatisfactory failure, so that the lower the percentage of unsatisfactory failures,
the better the solution. A failure is considered satisfactory when it occurs in a region where the stress state is
predominantly uniaxial tension, allowing the tensile strength of the material to be calculated as the maximum
applied load divided by the cross-sectional area. Conversely, unsatisfactory failures occur in areas where the
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Fig. 4. Geometrical definition of the generatrix.

stress state is not uniaxial. In bone-shaped specimens, unsatisfactory failures typically occur in the transition
zone between the ends and the central neck, where stress concentration phenomena are present.

Since concrete is a heterogeneous material, it is not possible to guarantee that the specimen will collapse at
the desired region, although the probability is greater when the tensile stress in the central neck is closer to the
maximum tensile stress in the specimen.

Therefore, from a theoretical point of view, it can be considered that the probability of unsatisfactory failure
is lower, the higher the quotient between the maximum stress in the specimen and the maximum stress in
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the central zone. The heterogeneity coefficient hc is, therefore, defined according to the following expression
(Eq. 3)):

h 0 3,mazx,gl

= (€)

g 3,mazr,c_n

where 0 3,max,qt is the maximum tensile principal stress in the specimen and ¢ 3,maz,c = is the maximum
tensile principal stress in the central neck. The heterogeneity coefficient hc always shows values equal or greater
than 1.

The smaller the coefficient of heterogeneity, the closer the maximum stress in the central neck is to the
maximum stress in the specimen, so the more likely it is to provide satisfactory failure. Conversely, the higher
the coefficient of heterogeneity, the more likely it is that the specimen will collapse at a section outside the central
neck.

In order to compare different specimen geometries used by other researchers and to obtain the optimum
one, finite element models are developed, considering a linear-elastic material. Using the data provided by the
FE models, the principal tensile stress in the whole specimen and the principal tensile stress in the central neck
are obtained, and, therefore, the heterogeneity coefficient hc of each geometry.

Numerical simulation of different solutions

The next step consists of calculating the heterogeneity coefficient of different specimen geometries, including
some of those belonging to the family described in Sect. 2. For this purpose, finite element models of the different
specimens have been developed. In all cases, a tensile load was applied so that the theoretical maximum principal
stress, calculated as the load divided by the cross-sectional area of the central region, was 1 MPa. Thus, the value
of the maximum principal tensile stress observed in the model is directly the coefficient of heterogeneity. Since
the specimen presents symmetry of revolution, the stress map is perfectly characterized showing a half section
according to a vertical plane passing through the axis of rotation.

Specifically, eleven solutions will be evaluated in this work. The first six ones correspond to the solution
proposed in this work, for values of n between 0 and 5. In all cases, the total height of the specimen (H) is
150 mm, the height of sections 1 and 5 (Hz) is 10 mm respectively, the height of sections 2 and 4 (H3) is
45 mm, the height of the neck (H1) is 40 mm, the diameter of the central neck (D) is 40 mm and the diameter
of the extreme heads (D3) is 56.6 mm (Fig. 5).

In addition, five other types of specimens were evaluated, corresponding to geometries proposed by
researchers as well as standards. Thus, solution no. 7 corresponds to the approach by Cornelissen & Timmers in
1981°¢, no. 8 is the one by Jun & Mechtcherine in 2010%%, no. 9 represents the proposal by Wille et al. in 20112,
no. 10 pertains to the work of Kim et al. in 2021??, and no. 11 is the proposal from the RILEM TC 162-TDF
standard of 20017

For each of the solutions, a finite element model has been developed considering a material with linear-elastic
behavior, with a modulus of elasticity of 30 GPa and a Poisson’s ratio of 0.2 (characteristic of concrete). The finite
element models have been developed with the software ANSYS version 2023 R1 (ANSYS, Inc., Canonsburg, PA,
USA).

Figure 6 shows the stress maps for each of the eleven solutions.

From the information gathered in Fig. 6, it is possible to determine the heterogeneity coefficients of each of
the solutions, which are shown in Table 1.

The results show that the bone-shaped specimen solution described in this paper for the case of n = 1 has
the lowest heterogeneity coefficient, which means that the probability of failure occurring in the central neck is
higher.

In a concrete element (as in any other material), the failure does not necessarily occur at the point where the
principal stress is the highest, but at the point where the applied stress is higher than its strength. The tensile
strength of concrete is different at each point, due to the intrinsic heterogeneity of the material.

To numerically determine the probability of failure of each solution, a statistical calculation has been carried
out, assigning to each element of the finite element model a random value of tensile strength, following a normal
distribution, with 4 = 1 and o = 0.1. The standard deviation value considered is usual in concretes, both in
tension and compression?>?7.

Approximately, it can be considered that the specimen will collapse at the central neck whenever the
minimum value of the tensile strength of the concrete located in the region of maximum stress will be hc times
greater than the lowest value of the tensile strength of the concrete located at the neck.

To determine the probability values, a Monte Carlo model with 100,000 simulations has been developed. In
each simulation, two values are obtained: the minimum stress value of the concrete located in the maximum
stress region, from a set of points randomly chosen from this region, and the minimum stress value of the
concrete located in the central neck, from a set of points randomly chosen from this region. The size of the set of
points in each region is determined according to their relative size.

The simulation shows an out-of-neck failure (or, in other words, an unsatisfactory failure) if the minimum
stress of the concrete located in the neck is less than hc times the minimum stress of the concrete located in the
maximum stress region. Otherwise, the failure occurs at the neck.

Finally, the probability of obtaining a valid failure is defined as the quotient between the number of
simulations in which the failure occurs at the neck and the number of simulations performed. The results are
shown in Table 1.

The results in Table 1 reveal several interesting conclusions. First, it is observed that the performance of the
proposed solution is highly sensitive to the polynomial degree of the transition curve. The best-performing
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Fig. 5. Specific geometrical definition of the specimen.

bone-shaped specimen is achieved with n = 1, yielding a satisfactory failure probability of 84%. At the other
extreme, for n = 5, the probability drops to only 16%. Regarding the specimens from the literature, the best
results are obtained by the Jun & Mechtcherine®® specimen, with a probability of 71%. For the rest of the
specimens, failure in the central region under uniaxial stress is highly unlikely, with values below 1%. This is
because their geometry and boundary conditions induce significant stress concentration phenomena that trigger

failure outside the regions of interest.
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Fig. 6. Maximum principal stress map (in MPa) for a theoretical normal stress in the central neck of 1 MPa:
(a—f) proposed with values of n from 0 to 5, (g) Cornelissen & Timmers, (h) Jun & Mechtcherine®, (i) Wille,
Kim and Naaman®?, (j) Kim, Oh and Yoo??, (k) RILEM TC 162-TDF"’ (finite element models have been
developed with the software ANSYS version 2023 R1).

Proposed (n=0) 1.06 | 0.7984
Proposed (n=1) 1.04 | 0.8370
Proposed (n=2) 1.07 | 0.7653
Proposed (n=3) 1.13 | 0.5774
Proposed (n=4) 1.25 | 0.2008
Proposed (n=5) 1.27 | 0.1563
Cornelissen & Timmers [36] | 1.43 | 0.0010
Jun & Mechtcherine [33] 1.09 | 0.7067
Wille, Kim & Naaman [32] 2.12 | 0.0003
Kim, Oh & Yoo [22] 1.94 | 0.0037
RILEM TC 162-TDF [17] 2.92 | not applicable

Table 1. Stress heterogeneity coefficients hc and probability of satisfactory failure in the specimens studied.
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With regard to the standardized specimen'’, a clarification is necessary. Its geometry causes failure to

always occur in the central neck, but not in a region under uniaxial tensile stress (which would correspond to
the interior of the specimen). Instead, failure occurs at the edge of the notch, where there is significant stress
concentration. Therefore, the probability of satisfactory failure here refers to failure in the central neck due to a
uniaxial stress state. Consequently, the solution proposed by RILEM 7 guarantees that failure occurs in the notch
section and is a valid geometry to compare concretes under tensile loads. However, it is not valid to determine
the tensile strength of concrete, since it cannot be defined as the ratio between the tensile load and the area of
the notch section.

It is worth mentioning that, in some of the cited papers, the boundary conditions defining the connection
between the specimen and the tooling applying the tension are not defined with sufficient precision. Therefore,
with the available information, the properties of the specimen-to-tooling contacts (area, stiffness, etc.) have been
estimated. Since these connections can significantly affect the stress concentration phenomena, it is possible
that, in some cases, particularly those exhibiting a probability of success lower than 0.01, the behavior of the real
solution may be better.

Experimental campaign
In order to be able to evaluate the behavior of the chosen solution, a tensile test campaign is carried out. In this
case, the transition curve corresponding to n = 1 has been considered, which, as shown in Table 1, presents the
lowest heterogeneity coefficient.

Materials and mix proportions
The binder materials utilized in this investigation were Type I Portland cement (52.5 R/SR), silica fume (SF) with
amean particle size of 0.1 mm, and ground granulated blast furnace slag (GGBS). Two aggregates were used: one
with particles ranging from 800 to 80 pm and the other with particles ranging from 315 to 40 um. To improve the
workability of mixtures in their fresh form, a high-efficiency polycarboxylic ether-based superplasticizer (SP),
namely Viscocrete 20HE manufactured by Sika (Baar, Switzerland), was used.

X-ray fluorescence spectrometer was performed to analyze the chemical compositions of the binder materials.
The results are presented in Table 2.

The components and mix proportions employed are shown in Table 3.

All the specimens were manufactured using carbon fibers of 6 mm length and 7 pm diameter from Teijin
(Osaka, Japan), with a proportion of 15 kg/ m?>. The tensile strength of the carbon fibers is 4,200 MPa. The Young’s
modulus is 230 GPa.

Specimen Preparation
One of the main drawbacks of the solution proposed in this research is the manufacture of the molds, since the
geometry is complex.

The chosen specimen (150 mm height and 54 mm maximum diameter) fits in a conventional metal mold
for cylindrical specimens (75x 150 mm). Using a 3D additive manufacturing printer, Ultimaker model S3
(Utrecht, Netherlands), a mold was made whose inner contour coincides with the geometry of the specimen
and whose outer contour is a cylinder of 75 mm in diameter and 150 mm in height, fitting perfectly inside the
aforementioned metal mold (Fig. 7).

The material used is PLA (polylactic acid) from Ultimaker, a recyclable natural thermoplastic polyester
derived from renewable resources such as corn starch or sugar cane. It exhibits a tensile strength of approximately

Cement | SF GGBS

CaO 45.61 0.3 35.12
Sio, 18.29 79.58 | 27.81
ALO, |6.59 02 |9.83
SO, | 4.02 - -
Fe,0, |2.85 0.06 | 031
K,0 1.09 042 |201
MgO |1 0.35 |6.63
TiO, |0.41 - 0.48
Na,0 |0.29 0.12 |0.21
P,0, |0.13 - -
CLO, |0.07 - -
BaO 0.06 - -
MnO, |0.05 - 0.1
SrO 0.05 - 0.08
CuO |0.04 - -
ZnO 0.02 - -
Total | 80.57 81.03 | 82.59

Table 2. XRF chemical composition of the binder materials.
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Cement (Type I cement 52.5 R/SR) | 540
GGBS 310
Silica fume 210
Coarse quartz sand (<800 yum) 470
Fine quartz sand (<315 pm) 470
Superplasticizer 42

w/c ratio 0.38
wi/binder ratio 0.19

Table 3. Matrix components and mix proportions.

(c) (d)

Fig. 7. Manufacture of specimens: (a) preparation of the molds; (b) concrete pouring and curing, (c) removal
of specimens, (d) final aspect of specimens.

50 MPa, an elasticity modulus of 3.2 GPa, and a rupture elongation of 4%, providing moderate stiffness and
adequate toughness for low mechanical stress applications. Additionally, PLA allows parts to be produced with a
high degree of precision, which is crucial in this case. For functional reasons (in particular, to facilitate stripping),
the mold is divided into two halves.
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The concrete mixes were produced utilizing a vertical mixer and a precise sequential technique. Initially,
the coarsest (800-pum sand) and finest (SF or GGBS) were mixed, followed by the subsequent coarsest (315-um
sand) and the next finest (cement), and so on. The additions were mixed for 2 min each. The superplasticizer and
water were introduced together. To achieve a suitable consistency, all components were thoroughly combined
for 30 min. Once the concrete mixture had reached a high degree of homogeneity, fibers were added and mixed
until a consistent fiber-concrete mass was achieved, enabling complete fiber integration. After 24 h, the samples
were demolded, cured, and submerged in water for 28 days.

Cardan joint for load centering

One of the most important aspects during the test is to ensure that the load is applied centered (i.e. with the
minimum eccentricity with respect to the specimen axis). This is especially important in this specimen, because
its diameter at the central neck is only 40 mm. Any eccentricity, however small, will generate a stress gradient
that will greatly reduce the measured tensile strength.

Although the hydraulic actuator used to apply the load has two spherical plain bearings, these are too large
and do not guarantee with sufficient precision that the load is applied at the desired point. For this reason, a
cardan joint was designed specifically for these tests (Fig. 8).

In this project, the cardan joint is used in a different way from the usual one. In this case, the aim of the cardan
joint is to correct possible misalignments between the specimen axis and the load application axis (actuator
axis). For this purpose, firstly, the cardan joint can rotate freely with respect to any axis perpendicular to the
specimen axis (only rotation around the longitudinal axis of the cardan joint is prevented, but this is irrelevant in
this case). Secondly, its geometry forces the applied load to circulate through the center of the sphere, correcting
the eccentricity between the axis of the actuator and that of the specimen. In addition, the test bench ensures that
both axes are parallel, which helps to further limit the eccentricity of the load.

The advantage of this type of cardan joint is that it allows centering the load in both tension and compression,
which makes it suitable for all types of mechanical tests, including tensile, compression, or even cyclic with
tensile-compression loads.

Figure 8.a shows the components of the cardan joint. The principle of operation under tension is as follows.
First, the actuator applies the tensile load on the upper block. If the axes of the specimen and the actuator are
not aligned, a relative rotation occurs between the upper and lower blocks. In that case, each block rotates a
certain angle with respect to the axis defined by its taper pins. The taper pins are threaded into the central ball
joint, while they are simply fitted into the lugs of the blocks. In this way, the blocks can rotate freely with respect
to the taper pins. Once the rotation is corrected, the load is transmitted as follows. The taper pins transmit the
shear load to the central sphere, so that the resultant necessarily passes through the center of the sphere. From
there, the load is again transmitted by shear to the other taper pins, finally arriving centered at the lower block.

Vertical adjustment ‘ :
screw (top) _—
A 0 a

Block (top)

Ball joint

Taper pin
screw (x4)

Vertical adjustment
screw (bottom)

Block (bottom)

(a) (b)

Fig. 8. Cardan joint for tensile tests. (a) Prototype design using CAD software, (b) Final unit manufactured in
steel.
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Tensile test Preparation

The preparation of the tensile test is more complex and laborious than in the case of compression or indirect
tensile tests. First, the cardan joint is anchored to the test stand with a steel bolt system. The specimen is placed
between the cardan joint and the actuator, connecting both sides with Sikadur-31 EF structural adhesive,
manufactured by Sika (Baar, Switzerland). This is a two-component, thixotropic, epoxy resin-based adhesive.
According to the data sheet provided by the manufacturer, its 24-hour tensile strength is approximately 10 MPa.
The adhesive is applied as follows. First, a layer of about 10 mm is spread on both sides of the specimen. Then,
the plunger of the actuator is lowered until it causes a small compression to the specimen (a small part of the
resin overflows from the sides). The specimen is left in this position for 48 h to allow the resin to set, harden and
have sufficient mechanical tensile strength to prevent the resin-specimen or resin-steel bond from breaking. This
test set-up procedure also ensures that no hidden stresses are applied to the specimen that could condition the
final failure mode (Fig. 9).

Results
Next, the most relevant results of the test campaign are shown.

Cardan joint validation tests
First, a validation test of the cardan joint was carried out to evaluate the eccentricity of the load during a tensile
test. For this purpose, an aluminum bone-shaped specimen was used, with the same characteristics as described
above. Three uniaxial strain gages of 50 mm length were arranged in the central section (SG1, SG2 and SG3),
equispaced 120° in the position shown in Fig. 10.

From the strain data provided by the strain gages it is possible to determine the exact position of application
of the tensile load by applying the equations of Mechanics of Materials (Eq. (4) to (6)).

o — 3. .82—1—83—2'81 4

m_16-(1+C089) €1 +¢€2+e3 @)
3. _

ey e (5)

T 16-sin0 21 +eo tes

e=1/es? +e,? (6)

(@) (b)

Fig. 9. Direct tensile test setup with bone specimen and cardan joint. (a) General view, (b) detail of the
specimen and its connection with adhesive.
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Cross-section )
specimen

~ SG3

Fig. 10. Section of the specimen and scheme for the determination of the load eccentricity.

where €1, €2 and €3 are the deformations measured by SG1, SG2 and SG3 bands respectively, ¢ is the
diameter of the section (in this case, 40 mm) and 6 is the angle that positions SG2 and SG3 bands with respect
to the axes (in this case, 7 /3).

Figure 11 shows the eccentricity values measured in that test as a function of the applied load.

Figure 12 shows the position of the load throughout the test. In this figure, the outer circle represents the
central section of the bone-shape specimen, while the inner circle represents the edge of the central core.

Figures 11 and 12 show how the load shows an eccentricity of less than 1.6 mm at all times. This is a low value
(less than 32% of the center core edge), which certifies that the cardan joint performs its function successfully.

Tensile tests
Once the specimens had reached 56 days, tensile tests were performed. Unlike compression tests and indirect
tensile tests, direct tensile tests require much more laborious preparation, as explained above. The test was
carried out with displacement control. An MTS 244.21 dynamic actuator (MTS Systems, Eden Prairie, MN,
USA) with a load range of +50 kN was used, fitted with an MTS 661.20 load cell with a range of +50 kN. The
test speed was 0.5 mm/min.

Table 4 shows the tensile strength values of the specimens. Figure 13 shows the failure mode of all the
specimens tested.

In this case, the tensile strength value of the material is not important for the purpose of this paper. However,
it is interesting to note how the dispersion in tensile strength is quite low, which is a measure of the quality of the
test. It is more interesting to note how all specimens failed at the center neck (Fig. 13).
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Fig. 11. Load eccentricity depending on the load.

Cross-section
Central core
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Fig. 12. Position of the load along the test.

In some cases, prior to specimen collapse, there was premature failure due to adhesion between the underside
of the specimen and the adhesive. This was due to the fact that, since the lower face of the specimen is smooth,
being the one in contact with the bottom of the mold, the bond with the adhesive is worse. In such cases, the
adhesive was removed, the surface slightly eroded and the test preparation process was repeated.

In other cases, premature failure occurred according to a surface only a few millimeters below the contact
between the top face of the specimen and the adhesive. This was because, during the casting process, a thin layer
of less resistant material was created on top of the specimen. In addition, this layer was not sufficiently anchored
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Specimen | P, (kN) | f (MPa) qu (MPa)
1 11.6 9.2
2 10.4 8.3
3 9.9 7.8
8.5 [0.5]
4 11.1 8.8
5 10.2 8.1
6 10.7 8.5

Table 4. Tensile strength.

AT The

Fig. 13. Tensile failure of all the specimens.
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to the rest of the matrix because it lacked fibers. In these cases, the adhesive was removed, the small layer was
removed from the top of the specimen and the test preparation process was repeated.

Conclusions

This paper shows a new specimen solution with optimized geometry for direct tensile characterization of
concrete. The aim is to define a geometry that maximizes the possibility of failure occurring in the central region,
subjected only to uniaxial tension. In fact, a family of solutions is proposed, whose geometry conforms to a
volume of revolution whose generatrix is composed of three straight sections and two curved sections according
to a polynomial of degree n+2.

In all cases, the maximum principal stress occurs outside the central neck of the specimen. However, among
all the possibilities of this family, the case of n = 1 is the one that allows obtaining the heterogeneity coefficient
hc closest to 1, expressed as the quotient between the maximum principal tensile stress and the tensile stress in
the central zone of the specimen.

This study also analyzes the heterogeneity coefficients of other specimen geometries commonly used for the
direct tensile characterization of concrete. In all the cases studied, their heterogeneity coefficients are clearly
greater than 1 and, in some cases, really large values are obtained.

Even if the coefficient of heterogeneity is greater than 1, it does not necessarily mean that the specimen will
not break in the central zone, which is explained by the intrinsic variability of the tensile strength in concrete. To
evaluate the probability of failure in the central zone (successful failure), a Monte Carlo analysis was performed
with 100,000 simulations per specimen, thus determining the probability of successful failure for each solution.
The results show that the lower the heterogeneity coefficient, the higher the probability of successful failure.

To conclude, an experimental campaign was carried out on 6 specimens of 150 mm height and 40 mm
diameter in the central area, which were subjected to a static tensile test until failure. The results showed that all
specimens failed in the central zone, which demonstrates the quality of the proposed solution.

In order to improve load centering, a cardan joint was designed specifically for these specimens. The
calibration results of the cardan joint showed eccentricity values lower than 1.6 mm, which confirms that it
performs its function satisfactorily.
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