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Abstract: Centric tensile tests often exhibit high standard deviations due to various factors, hence various test
setups have been developed in the past. Based on the specifications in ASTM C307-18, the experimental setup
was further developed to reduce the standard deviation resulting from the test setup itself and thus to obtain reliable,
reproducible test results. Furthermore, it has been investigated, whether the test setup is suitable for materials of
low strength. In the further developed experimental setup three mineral-based materials with tensile strengths in
the range of 0.4 to 5.9 MPa were examined and compared to ASTM C307-18. For this purpose, the optical 3D-
measurement system ARAMIS® and a positioning adapter designed for the specimen geometry were used to
validate and verify the developed experimental setup and to ensure a consistent position of the specimen. For the
low strength mineral-based materials tensile strength tests could be implemented and recommendations for the test
parameters test speed, preload and required number of specimens could be developed.
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1. Introduction

The tensile load-bearing and deformation behavior of mineral-based materials can be decisive, for example,
when evaluating crack resistance in the case of structural movements due to thermal expansion. There are direct
and indirect tests to determine the tensile load-bearing behavior of building materials, cf. [1,2]. The test setups
differ in the type of load introduction. Indirect test methods such as flexural tensile tests and splitting tensile tests
result in an inhomogeneous stress distribution across the cross-section, while direct tests enable a uniform stress
distribution due to axial load application. According to [3], the test methods for testing the centric tensile strength
presented in [4] can be divided into four subgroups:

1) Load application via interlocking with test specimens of customized geometry;

2) Load application via steel bars embedded in the test specimen;

3) Lateral load application with constant or variable contact pressure;

4) Load application via adhered steel stamps.

The different subgroups of possible support types for load application and specimen geometry for centric tensile
strength testing is shown exemplarily in Figure 1, adapted from [4].
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Figure 1. Support types for centric tensile tests adapted from [4].
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Generally, a distinction is made between mechanical and bonded supports. Mechanical supports can be designed
as a clamping device in which the tensile force is introduced into the specimen via lateral positive locking, or can
be embedded in the test specimen, cf. Figure 1, (1) and (2). Lateral supports enable constant or variable contact
pressure, cf. Figure 1, (3). In case of bonded supports, usually steel stamps are adhered to cylindrical specimen
surfaces, cf. Figure 1, (4). Depending on the applied test setup, however, axial tests for example may be influenced
by eccentricities, leading to an inhomogeneous stress distribution across the cross-section and thus to large scatter.
Eccentricities for example can result from tilting of the steel stamps due to improper grinding or improper use of
the adhesive, cf. [1]. In addition, tests at high temperatures, for example, can only be carried out with special
adhesives. A major disadvantage of the centric load application by means of mechanical supports is the stress
distribution at the transition zones, which can lead to premature failure in these zones and thus to high deviations
[2,4]. However, centric tensile strength testing is often subject to uncertainties which, in addition to material-
specific scatter, can lead to a high testing-related scatter. The comparatively high testing effort involved in the test
methods known from the literature [1-5] and the error-prone centric load application can lead to inaccurate and
non-representative tensile strength values and hence to high standard deviations and a low reproducibility.
Generally, the centric tensile strength tests are significantly influenced by the following parameters:

1) Material scatter (inhomogeneity, pre-damage due to preparation etc.);

2) Production of the test specimens (dimensional stability, homogeneity etc.);

3) Clamp (inaccuracies, eccentricity in load application, application to the testing machine etc.);

4) Handling (specimen installation etc.);

5) Testing machine (relative repeatability, display deviation, eccentricity etc.).

In addition to the setup mentioned in [3,4], bone-shaped specimens according to ASTM C307-18 [6] can be
used to determine the centric tensile strength, cf. Figure 2a. In ASTM C307-18 [6], the specimens are pulled
centrically using clamps as shown in Figure 2b. The experimental setup, especially the mounting shown in
Figure 2b, hereafter referred to as C-Type, was used by [1,2,7]. The test method was verified in interlaboratory
studies, which were carried out by six different facilities in 2017 [8]. The laboratories conducted 3 test series with
6 individual tests each on a chemical resistant grout with a tensile strength of about 14.6 MPa. The test method
was validated by evaluation of repeatability and reproducibility [8]. For the tests the variation coefficient for
repeatability and reproducibility is about 7%.

—120.02" —] &

Figure 2. Tensile Strength Test Setup acc. to ASTM C307-18 [6]. (a) Briquet specimen (technical drawing); (b)
C-Type clamps flexibly mounted on both sides in the testing machine with specimen.

According to ASTM C307-18 [6], a minimum of 6 briquet specimens for each material have to be tested at a
crosshead speed of 5 to 6.4 mm/min and a temperature of 23 £ 2 °C. The tensile strength S is calculated according
to equation (1) as division of the load P at the moment of crack per surface area [6]:

S=P/(b-d) (€
with:

S = tensile strength; P = load at the moment of crack;
b = width at the waist of the briquet tested; d = depth of briquet tested
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The ASTM C307 has already been used and further developed for many fields of application. For example,
[7,9] used the tensile strength tests with the experimental C-Type setup to determine the influence of sulfate attack
on different binders as a function of varying storage conditions. The test setup was adapted by [10] for experiments
at temperatures up to 200 °C to investigate the temperature dependent behavior of polymer adhesives. In another
investigation, [11] used the test setup according to ASTM C307 analyzing the results with Weibull statistics to
determine the tensile strength of a reference Class G cement slurry reinforced with inorganic micro-fibers. To
investigate the influence of the specimen geometry, bone-shaped specimens, cylinders and a free form glued on
steel stamps were investigated in [1]. In [1,4], the dimensions of the bone-shaped specimens as well as the clamps
used for testing were upscaled by a factor of three. In addition, the outer form of the clamps was made rectangular.
With the upscaled bone-shaped test specimens and the modified test setup tensile strength values with variation
coefficients of maximum 10% were achieved [1]. In summary, various tests with the C-Type according to ASTM
C307-18 [6] were conducted at the Institute of Building Materials Research, RWTH Aachen University, by [1,3-
5,7,9].

In own preliminary tests on a repair mortar (RM-A4) for normal strength concrete with the C-Type according
to ASTM C307-18 [6], a high standard deviation with a variation coefficient of 16.4% was observed. Deformations
were recorded with the optical 3D-measurement system ARAMIS® from GOM GmbH. The displacement analysis
was carried out with ARAMIS® Professional Software. The evaluation of the deformations indicated displacement
and torsion of the samples in all three dimensions during the test. In principle, torsion of the specimen is acceptable,
but should be completed above a certain load level before the maximum load is reached, so that the tensile stresses
in the horizontal waist are uniformly directed perpendicular to the plane. If torsion continues until fracture occurs,
an uneven stress distribution must be assumed. Figure 3 shows exemplarily the displacement of four measurement
points on the specimen surface during tensile testing. The placement of the surface points was chosen analogous
to Figure 4 (cf. chapter 2.2). The measurement points indicate an increase in displacement and differences between
the points indicating a constant torsion of the specimen throughout the experimental test.
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Figure 3. Deformation analysis on surface evaluation points: (a) x-axis displacement, (b) y-axis displacement, (c)

z-axis displacement.
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The preliminary tests indicated that a minimum change in position of 0.1 mm leads to a reduction of the
deformation differences of about 39%. Therefore, efforts were taken to reduce the non-material specific deviations
of the test results. Within the following investigations, for example, the positioning of the test specimens as well
as the mounting of the clamps was varied. Based on the preliminary tests, the test setup according to ASTM
C307-18 [6] was further developed to obtain reliable, reproducible test results with a lower standard deviation. In
addition, the “Setup Testing Tool” was used in the optical 3D-measurement software to maintain the same initial
testing position for each test. This tool allows to vary and adjust the position of the specimen manually via live
measurements on the surface of a positioning adapter, which was developed for this purpose.

In the further developed experimental setup tensile strength tests were implemented according to ASTM C307-
18 on three mineral-based materials with varying tensile strength properties in the range of 0.4 to 5.9 MPa, thus
deriving values for the main test parameters such as test speed, preload and the recommended number of samples
of a test series. The number of samples was determined to obtain representative results with the minimum possible
number of samples.

2. Methods and materials

2.1 Experimental setup and preliminary tests

The further developed test setup as well as the applied materials are described below. In preliminary tests, the
C-Type test setup according to ASTM C307-18 [6] was used for investigating the centric tensile strength on a
repair mortar RM-A4 according to [6]. For the tests a universal testing machine Zwick ZMART.Pro with a 10 kN
load cell and a relative repeatability (3 values) of 0.12% (tensile load 5000 N) to 0.50% (100 N) and a display
deviation of -0.12% (1000 N) to 0.12% (200 N) was used. In the preliminary tests, the load was applied at a
constant crosshead test speed of 5 mm/min.

To optimize the test setup, various tests were carried out with a steel bone-shaped specimen, milled from
42CrMo4 steel according to the geometry of Figure 2a. The steel specimen was loaded up to 8 kN and then
unloaded again. The load and the crosshead displacement were recorded in the software TestXpert® and then
transferred to the optical 3D-measurement system. Tests were carried out with the upper clamp alternately mounted
rigidly and flexibly to analyze the deformation in the x- and y-axis.

Based on the findings of the preliminary tests, the geometry of the clamps in [6] were modified adapted from
[1], further described as U-Type. The results shows that both the upper and lower clamps should be firmly mounted
to the machine. Thus, lateral supports were implemented to prevent deformation in the x- and y-axis. The friction
influence of the screws on the lateral supports was also investigated by varying the applied torque from 1 to 10 Nm.

Further, the installation of the test specimen was then optimized with the developed adapter for positioning,
abbreviated as PA, and varying specimen positions. The selected position was verified in further experiments.
Table 1 gives an overview of the test series during optimization of the experimental setup.

Table 1. Overview of the preliminary test series.

Test setup type Investigated parameter Material Number of tests

C-Type Reference tests Mortar RM-A4Y 6
Fixed & flexible upper clamping Steel 5
Fixed lower & flexible upper clamping Steel 15
Fixed lower and upper lateral supports 17

U-Type Investigation of the friction:
Torque of the screws from 1 to 10 Nm Steel 20

(upper and lower fixing)

Varying Positions Steel 22

U-Type with PA Final test setup & position Steel 10
D Batch 1, cf. Table 2, chapter 2.3

2.2 Experiment evaluation method

2.2.1 Optical 3D deformation analysis

The evaluation of the experimental tests was carried out with the optical 3D-measurement system ARAMIS®,
For this purpose, the evaluation methods are described hereinafter. For the optical deformation analysis, a
stochastic pattern is applied on the formwork side of the specimen. First, a white primer is applied, then a black
lacquer is sprayed creating the required contrast. Before starting the experiments, the optical 3D-measurement
system was calibrated with the calibration plate CP20 90 x 72 mm. The measuring accuracy between two
19 x 19 pixel facets with an overlap of 3 pixels and 5M pixel cameras with an aperture of 5.6 mm is approximately
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98,61%. In the calibration of the test, the measurement volume is determined, a reference image is created and
thus the measuring surface of the test is defined. After the tests, the x-axis and y-axis of the existing alignment
was offset to the center of the specimen by means of the 3-2-1 transformation option. The origin of the z-axis was
set on the measuring surface. This coordinate system was defined in all experiments at the same position further
known as nominal coordinate system, cf. Figure 4.

For the deformation analysis, 5 images per second were taken. The image upon reaching the preload was
selected as the reference stage. For evaluation, a surface component was defined on the measuring surface of each
specimen with a stochastic pattern. Further, four surface points were set to compare the displacement and torsion
of each test specimen. These points were each placed at a distance of 9 mm from the origin of the nominal
coordinate system and the difference of the displacements in the points was calculated at 1/3 of the maximum
tensile force. For the x-axis, points 1 and 2 were used for the displacement on the x-axis, points 3 and 4 were used
for the displacement on the y-axis. The difference between the minimum and maximum displacement of points 1-
4 were used to calculate the displacement on the z-axis (cf, Figure 4).

Figure 4. Nominal coordinate system and position of the surface points for optical 3D-deformation analysis.

2.2.2 Positioning adapter

The aim was to place all specimens in the same initial position by means of an adapter, thus to reduce the testing
differences. For this purpose, a positioning adapter (PA) was developed and 3D printed, cf. Figure 5a. To position
the bone-shaped specimens, the PA was placed on the specimen surface, cf. Figure 5b. The depth and surface
shape of the PA were adjusted to allow the adapter to be removed without changing the specimen position. A total
of 8 point markers were adhered to the adapter enabling a live measurement in the optical 3D-measurement
software. Using the live measurement, the displacement of the specimen position can be visualized, cf. Figure 5b.
For this purpose, an opto-mechanical self-defined adapter was created in the optical 3D-measurement software
[12]. The coordinate system of the adapter was defined based on the 8 point markers. A local coordinate system
was defined for the upper and fixed lower clamps based on point markers on the clamps.
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Y +0.057 mm_
r4 -0.000 mm_
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Theta(Y)
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(@) (b)
Figure 5. Positioning Adapter (PA): (a) 3D schematic drawing of the PA; (b) Specimen and PA in the test setup
with exemplary deviation values of the specimen's position in relation to the nominal coordinate system.
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To find out the optimum position of the test specimen, the position of the steel bone-shaped specimen was
varied in initial tests. Therefore, the specimen with the adapter was positioned between the clamps. The specimen
position is displayed live in the software, cf. Figure 5b, and can be manually adjusted to the desired test position.
The specimen was tested according to 2.1. The displacements of the specimen were evaluated as described in 2.2.
The test with the smallest deviations was chosen as the optimum position, cf. Table 2. In additional tests, the
selected position was verified. The selected position was then chosen as the offset in the tests with the mineral-
based materials.

Before testing the positioning was carried out for the x-, y- and z- axis. A maximum deviation of £ 0.1 mm and
torsion of + 1° was defined.

2.3 Applied materials

Tensile strength tests of mineral-based materials in the range of 0.4 to 5.9 MPa were implemented according to
ASTM C307-18 in the U-Type test setup. The following three building and repair materials with varying
mechanical properties were selected for the experimental investigations, covering the lower to middle range of the
10 kN load cell of the testing machine:

1) Repair Mortar (RM-A4);

2) Pointing Mortar developed for Aachen Cathedral (PM21);

3) Autoclaved Aerated Concrete (AAC2-350).

Bone-shaped briquet specimens of the three materials are shown in Figure 6.

Figure 6. Bone-shaped briquet specimens of the three materials (exemplarily): (1) RM-A4, (2) PM21, (3) ACC2-
350

2.3.1 Repair mortar RM-A4

The commercially available repair mortar RM-A4 according to [13,14] is a polymer-modified cement-based
mortar designed for repairing or retrofitting horizontal, vertical and overhead concrete surfaces. Due to the
compressive strength of about 66 MPa at the age of 27 days, the mortar was selected in order to test the middle
load range of the testing machine.

RM-A4 was mixed according to the manufacturer’s specifications in a ratio of solid to water weight content of
1:0.13. Subsequently, the fresh mortar properties were determined for each batch according to [15] (consistence),
[16] (bulk density) and [17] (air content). Standard prism sets (each prism with 160 mm in length and 40 mm in
width and height [18]) to determine the flexural and compressive strength for the respective test date of the tensile
tests were prepared in accordance with [19]. The repair mortar was poured into briquet molds and compacted with
a vibrating table. The test specimens were stripped of the formwork after one day and stored in humid climate for
7 days. Afterwards, the specimens were stored in a climate room at a temperature of 20 = 1 °C and a relative
humidity of 53 + 8% until testing at the age of 27 and 103 days, respectively. The fresh and solid mortar properties
are given in Table 2.

2.3.2 Pointing mortar PM21

The PM21 pointing mortar is adapted to the properties of the historic natural stone masonry of the choir hall of
Aachen Cathedral. The binder system consisting of White Portland cement and composite cement with natural
pozzolan, calcium hydroxide and silica fume is combined with Quartz flour, sand and gravel with a maximum
grain size of 4 mm. The mortar contains various lightweight aggregates to achieve a load-bearing and deformation
behavior adapted to the natural stone masonry. In addition, a small amount (< 1 wt.%) of additives and admixtures
are added to the mortar to adjust essential fresh and solid mortar properties such as workability or bond properties.

Based on the compressive strength, the mortar can be assigned to strength class M5 according to [20] with a
compressive strength of about 7.1 MPa, a flexural strength of about 3.2 MPa and a modulus of elasticity of about
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4.3 GPa, each at the age of 28 days. The corresponding dry bulk density is about 1300 kg/m3. Compared to the
RM-A4, the compressive strength of PM21 is about 11.5% of RM-A4. The expected maximum load was less than
500 N, which is about 5% of the maximum load of the load cell of the testing machine.

Two batches of PM21 were mixed in a ratio of solid to water weight content of about 1:0.30. Subsequently, fresh
mortar properties were determined in accordance with [15-17]. Standard prism sets to determine the flexural and
compressive strength for each respective testing time of the tensile tests were prepared in accordance with [19].
Finally, the mortar was poured into briquet molds and compacted with a vibrating table. The test specimens were
stripped of the formwork after two days and stored in humid climate for 7 days of age. Afterwards, the specimens
were stored in a climate room at a temperature of 20 + 1 °C and a relative humidity of 53 + 8% until testing at the
age of 27 and 28 days, respectively. The fresh and solid mortar properties are given in Table 2.

2.3.3 Autoclaved aerated concrete AAC2-350

In order to set up the test matrix broadly regarding the mechanical properties, Autoclaved Aerated Concrete with
low strength representing the lower accuracy range of the 10 kN load cell was investigated, too.

The applied AAC2-350 can be assigned to strength class 2 according to [21] with a compressive strength of
about 2.9 MPa, tested according to [22] on cubes with an edge length of 100 mm. The dry bulk density of about
310 kg/m3, also tested on 100 mm cubes, according to [23], corresponds to the density class 0.35 according to [24].
Compared to the RM-A4, the compressive strength of AAC2-350 is about 4.5% of RM-A4. The expected
maximum load was less than 200 N, which is about 2% of the maximum load of the load cell of the testing machine.

For the tests, each 6 samples were taken from the middle third of 6 different AAC units. To prepare the
specimens, discs with a length of about 200 mm, a width of about 100 mm and a height of about 30 mm were cut
out of the units by dry cut. To prevent effects of carbonation the discs were preconditioned in argon atmosphere
to a moisture content less than about 20 wt.% which allowed the discs to be ground to a thickness of about
25.4 + 0.4 mm and milled with a CNC mill. Finally, the briquets were conditioned again to a moisture content of
about 6 + 2 wt.% in argon atmosphere and preserved in vacuum bags until testing.

2.3.4 Mortar properties
In addition to the material properties described for RM-A4 and PM21, the determined fresh and solid mortar
properties with indication of the testing age is summarized in Table 2.

Table 2. Fresh and solid properties of the applied mortars.

Fresh mortar Solid mortar

Consistence Bulk Air Flexural Compressive Age

Mortar Batch density content strength strength
mm kg/m3 vol.% MPa d
1 142 2180 45 10.4 78.5 103
RM-A4 2 141 2170 4.4 10.5 63.9 27
3 140 2190 4.2 114 67.8 27
PM21 1 114 1530 13.0 3.4 7.7 28
2 124 1490 14.0 2.9 6.5 27

2.3.5 Experimental test program

For each of the applied materials, first the preload and the crosshead-controlled test speed were varied to find
out the optimum parameters for testing the tensile strength. Maximum 10% of the expected tensile load was aspired
as the maximum preload. Afterwards 15 and 18 tests, respectively, with defined test parameters were conducted
to determine the representative number of samples of a test series. The tests were performed at a room temperature
of 18.5 £ 2 °C. Table 3 shows the established parameters of the test series.

For the tensile tests, the U-Type test setup was used and the bone-shaped specimens were installed in the defined
position using the PA and the tool in the optical 3D-measurement software, as described in chapter 2.2. To evaluate
the tensile tests, the deformations of the specimens in x-, y- and z-axis were recorded by means of optical 3D-
measurement, too. Therefore, the specimens were prepared with the stochastic pattern. After testing, the
deformations of defined surface points were evaluated at a load of 1/3 of the tensile strength and compared to the
deformations at the initial state, when load application started. The test results were evaluated regarding the
calculated mean values and standard deviations of the deformation differences in x-, y- and z-axis. Afterwards, the
recommended preload and test speed were defined.

To derive the required number of samples of the applied materials, the test results were statistically analyzed.
First it was verified, if the tensile strength values for each test series follow the normal distribution. For this
purpose, the parametric tests according to Kolmogorov-Smirnov and Shapiro-Wilk, as given for example in [25],
were applied. As a result, the normal distribution is given for all tensile strength values of each test series. The
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anticipated values of the tensile strength were determined for each test series. For a 95% confidence interval, the
required number of samples n of a test series was calculated according to [26] using equation (2) with the total
number of samples N, the constant factor z = 1,96 given in [26] for standard normal distribution and the standard
deviation s.

N (1,96 s)?
T (1,965)2+ (N — 1) - (0,05 * Xpean)?

()

n

With:
n = required number of samples
N = total number of samples
s = standard deviation
Xmean = Mean value of the tensile strength

Table 3. Defined test parameters of the tensile tests on the three applied materials.

Material Test series Test parameter Number of tests
Preload Test speed
[N] [mm/min]
0
Preload 100 5 9
200
RM-A4 0.1
Test speed 200 0.6 9
2
Number of samples 200 0.6 18
40
Preload 80 0.6 9
100
PM21 0.3
Test speed 80 1 9
2
Number of samples 80 0.6 15
0
Preload 15 0.4 9
25
AAC2-350 0.7
Test speed 25 1 9
3
Number of samples 25 0.6 18
3. Results

3.1 Improved experimental Setup

In the preliminary tests with RM-A4 and a preload varying between 0 to 100 N, a mean tensile strength of
5.2 MPa with a standard deviation of 0.86 MPa and a variation coefficient of 16.4% could be determined for this
test series. The further tests were carried out with the steel bone-shaped specimen. It was determined that by
adjusting the clamping in the y-direction as described in chapter 2.1, an average displacement of 0.13 mm was
obtained with ARAMIS®. In z-direction, an average tilting movement of 0.07 mm with maximum values of
0.24 mm were determined.

To further develop the test setup, the C-Type test setup was varied on the basis of [1,6]. Adapted from [1], a
rectangular outer clamp geometry was chosen, cf. Figure 7a. The inner dimensions were not adjusted and comply
with ASTM C307-18 [6]. This new clamp was produced of 42CrMo4 steel in an CNC milling machine. In addition,
lateral supports were added via 42CrMo4 steel rails, cf. Figure 7b, which can either be attached to the upper or the
lower clamp. The aim was that the lateral supports would prevent the clamps from being displaced in the y- and
z-direction and allow a centric pull in x-direction. The developed experimental setup is shown in Figure 8. The U-
Type compared to the C-Type is laterally fixed by steel supports and the mounting of the lower clamp cannot be
installed flexibly.

With the U-Type, the tests were repeated on the steel specimen, starting by screwing the lateral supports to the
lower clamp by hand. Both clamps were firmly fixed at the top and bottom. As can be seen in Table 4, this already
leads to less deformation of the specimen during the test. The tensile loading was repeated several times and
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subsequently the lateral supports were screwed at the top upper clamp in a further series. When comparing the
upper and lower installation of the lateral supports, the lower installation can minimize the deformation of the
specimen.

(a) (b)
Figure 7. U-Type: (a) 3D schematic drawing of the upper clamp; (b) Lateral supports.

Figure 8. Developed experimental setup.

Table 4. Deformations at a tensile stress of 6 MPa.

_— AX Ay Az
Type Description MV sD MV sD MV sD
C-Type Base  \alue[mm]  0.127 0.074 0.131 0.069 0.071 0.083
equipment
Lateral

supports ~ Value [mm]  0.009 0.007 0.009 0.007 0.029 0.013

bottom fixed

Lateral

supports top  Value [mm]  0.023 0.016 0.023 0.016 0.020 0.008
U-Type fixed

Flexible —\/ jie[mm] 0044 0042 0.044  0.042 0020 0015
upper clamp
Ei Value [mm] 0.009 0.008 0.009 0.007 0.022 0.007
inal test Improvement
setup p[%] D 92.9 91.7 85.7 925 94.5 95.3

MV = Mean Value; SD = Standard deviation
1 Percentage reduction of the deformation differences in relation to the C-Type.

Further tests were carried out with a flexible upper clamp. However, this leads to larger deformations differences

in x- and y-direction compared to the tests with fixed clamping. Based on the deformations of the specimen, it was
established that the tensile strength tests can be performed uniaxial with a low standard deviation if the clamps are
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fixed and the lateral supports are attached to the lower clamp. To verify this, a number of tests were carried out
and evaluated. The difference between the mean value and the standard deviation is smaller for the final U-Type,
and the overall deformation of the specimen is significantly reduced.

To visualize the displacement differences between the C- & U-Type test setups, the deformation evaluation
obtained with digital image correlation ARAMIS® of the steel sample is shown in Figure 9.
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(c)
Figure 9. Optical 3D deformation analysis for C- & U-Type test setup at 6 kN: (a) x-axis displacement, (b) y-axis
displacement, (c) z-axis displacement.

To determine the frictional influence of the lateral supports, tensile tests without test specimens were conducted
with different degrees of the torque wrench for tightening the lateral supports. Figure 10 shows the frictional force
as a function of torque. It can be seen that the friction is not significantly increased by tightening the fasteners.
Based on this result, it was specified that the screws are tightened manually, which corresponds to a torque of 7 to
8 Nm.

With the U-Type setup, the optimal position of the specimen for the test was investigated. For this purpose, the
PA presented in chapter 2.1 was used and the position of the bone-shaped steel specimen was varied. The position
change in relation to the nominal coordinate system was examined via the exports in the Setup Testing Tool and
the effect of the position change was evaluated via the deformation of the set points in ARAMIS®.

In experiments, the bone-shaped test specimen was installed in the test facility offset in the z-axis. In addition,
the height of the upper clamp was varied. Based on the displacement evaluation, a position was selected and
applied as x-, y- & z-offset in the Setup Testing Tool. In each case, this offset refers to the lower clamp as the
reference point. Subsequently, the position was varied, since the combination of the coordinates of the x-position
clamp and x-position specimen had to be adjusted in relation to the lower clamp. The selected position was verified
in 10 tests and low standard deviations were achieved in the tensile strength. The following Table 5 exemplarily
shows the results of selected experiments.
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Figure 10. Frictional force as a function of torque.

Table 5. Deformations differences for different test configurations.

_— Position Clamp Position Specimen Deformation Differences
Description
X y z X y z AX Ay Az
SPECIMEN \/alue [mm] 1729 117  -063 850 2253 7.26 0023 0022 0.027
further forward
SPECIMEN \/ale [mm] 17.31 110  -049 858 2246 489 0026 0025 0012
further back
Upﬂ?gﬁé"’r‘mp Value [nm] 1751 1.05 -045 858 2219 558 0.020 0019 0.010
Mean value
Set position  ofatest  17.45 1.05 -0.44 853 2225 517 0.013 0.013 0.006
series [mm]
Mean value
Final position ofatest 17.45 1.05 -0.44 860 2241 517 0.014 0.014 0.018
series [mm]

3.2 Tensile tests

With the three different materials, tensile tests were carried out in the new U-Type test setup and evaluated in
the optical 3D-measurement software. A recommendation was made for similar materials in terms of test speed,
preload and the statistically required number of specimens in a test series.

3.2.1 Repair mortar RM-A4

For the repair mortar, the most constant results for the test series with different preloads at a constant test speed
of 5 mm/min [6] were obtained for a preload of 200 N. The results of the test series with different preloads are
shown in the Table 6.

In the investigation of the preload, the largest deformation with a preload of 0 N was observed in the crosshead
movement. This can be explained because a preload greater than 0 N leads to setting of the specimens. In the
evaluation of the specimen deformation, only a low deviation can be seen in the x and y directions. The lowest
torsion of the specimen was observed at a preload of 200 N for the z-axis, see Table 5. Based on the results of the
deformation, a preload of 200 N was selected for the tests with varying test speeds. The variation of the test speed
shows an increase of the tensile strength the higher the test speed is. The lower the test speed, the lower the standard
deviation of the tensile stress. Further, at a test speed of 0.1 mm/min, the deformation of the specimens is highest
and a creep behavior is induced in the mortar due to the low speed. To prevent this, the aspired test time was set
to approx. 1 min, as suggested in [19]. This results in the selection of a test speed of 0.6 mm/min based on the
results of the crosshead displacement.

For the repair mortar, the normal distribution with an expected value of 5.89 MPa at the density of 1.25 as
shown in Figure 11 is obtained. Equation (2) results in a number of 4 specimens per test series.

For the RM-A4, a ratio between tensile and compressive strength of 9% was determined. The ratio was
calculated by determining the compressive strength on standard prisms according to [18] and the average value of
the tensile tests.
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Table 6. Results of the test series RM-A4 with specification of the preload, test speed and number of samples.

Tensile  Crosshead Deformation differences
Series  Batch Varied Number strength displacement AX Ay Az
parameters oftests MV SD MV SD MV SD MV SD MV SD
[MPa] [mm] [mm] [mm] [mm]
ON 3 547 045 0.79 0.10 0.007 0.008 0.008 0.009 0.041 0.004
PreloadV 2 100 N 3 6.150.17 0.68 0.02 0.008 0.006 0.007 0.007 0.008 0.004
200 N 3 5910.23 0.61 0.02 0.007 0.003 0.008 0.002 0.005 0.003
0.1 mm/min 3 514 0.15 055 0.01 0.011 0.000 0.010 0.000 0.002 0.002
Test Speed® 2 0.6 mm/min 3 5.450.13 0.58 0.03 0.003 0.001 0.003 0.001 0.008 0.011
2 mm/min 3 541024 059 0.02 0.004 0.003 0.005 0.002 0.021 0.009
Final
parameters, 200 N,
investigation 3 - 18 5.890.32 063 0.03 - - - - - -
0.6 mm/min
sample
number

MV = Mean value; SD = Standard deviation
1 Series with test speed 5 mm/min; ? Series with preload 200 N

15 |

T T T
RM-AZ |
Normal

Density

05 |

. .
5.2 54 56 58 6 6.2 6.4 6.6
Tensile strength in MPa

Figure 11. Normal distribution repair mortar RM-A4.

3.2.2 Pointing mortar PM21

Regardless the applied preload, mean tensile strength values of 1.47 to 1.49 MPa were achieved in the first
series with a constant test speed of 0.6 mm/min, cf. Table 7. The maximum crosshead displacement recorded
during the tensile tests decreases slightly with increasing preload. The lowest differences in deformation of the
specimen were recorded at a preload level of 80 N, which is why this preload level was defined for the test speed
series, cf. Table 7.

A very slow test speed, which was selected for the RM-A4 and which usually leads to creep effects during the
tensile test, was not used for the PM21. Instead, the test speed was varied between 0.3 and 1 mm/min. The tensile
strength values achieved with those test speeds are identical at 1.47 and 1.48 MPa. The recorded maximum mean
crosshead displacement is also the same at 0.53 mm. A test speed of 2 mm/min chosen as the upper test speed limit
resulted in a higher maximum tensile strength of 1.54 MPa with a lower maximum crosshead displacement of
0.50 mm, cf. RM-A4.

The trend observed for RM-A4 that a lower test speed is accompanied by a lower standard deviation could not
be confirmed for PM21.

For PM21, the deformation doesn’t seem to be a reliable criterion for choosing a suitable test speed, since, the
calculated deformation values for the selected test speeds of 0.3 mm/min and 2 mm/min are nearly the same. More
important for the performance of the tensile test was a suitable test duration, cf. RM-A4. For this purpose, the test
duration for testing the PM21 was also set to approx. 1 min. Regarding the observed crosshead displacement the
test speed for the test series “number of samples” first was set to 0.55 mm/min.

First, three tests were performed with a preload of 80 N and a test speed of 0.55 mm/min. Since the specimens
taken for this test series were of lower strength compared to those tested in the first two series, accompanied with
higher deformations, the test parameters were adjusted to 80 N and 0.6 mm/min. The mean tensile strength of this
test series was 1.40 MPa with a standard deviation of 0.14 MPa and a variation coefficient of 9.6%. At a 5%
significance level (a = 0.05), equation (2) yields a recommended number of samples of 8.
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Table 7. Results of the test series PM21 with specification of the preload, test speed and number of samples.

Tensile  Crosshead Deformation differences
Series  Batch Varied Number strength displacement AX Ay Az
parameters oftests MV SD MV SD MV SD MV SD MV SD
[MPa] [mm] [mm] [mm] [mm]
40N 3 1.49 0.10 0.57 0.05 0.003 0.002 0.003 0.002 0.010 0.003
Preload? 1 80N 3 1.48 0.07 0.55 0.05 0.003 0.001 0.003 0.001 0.006 0.004
100 N 3 1.47 0.13 0.48 0.08 0.005 0.002 0.004 0.002 0.009 0.004
0.3mm/min 3 1.47 0.03 0.53 0.03 0.005 0.003 0.005 0.003 0.005 0.002
TestSpeed® 1 1 mm/min 3 1.48 0.07 0.53 0.10 0.007 0.001 0.007 0.001 0.010 0.001
2 mm/min 3 154 0.02 0.50 0.02 0.004 0.003 0.005 0.002 0.006 0.003
Final
parameters, 80N
investigation 2 - 15 140 0.14 0.66 0.13 - - - - - -
0.6 mm/min
sample
number

MV = Mean value; SD = Standard deviation
1 Series with test speed 0.6 mm/min; ? Series with preload 80 N

For the PM21, the normal distribution with an expected value of 1.40 MPa at the density of 2.85 as shown in
Figure 12 is obtained.
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Figure 12. Normal distribution pointing mortar PM21.

3.2.3 Autoclaved aerated concrete AAC2-350

Overall, the tensile strength of AAC2-350 ranges from 0.37 to 0.43 MPa with a standard deviation of 0.00 to
0.04 MPa, see Table 8.

For determining the optimum preload, the preload was varied between 0 to 25 N, which corresponds to about
9% of the tensile strength obtained. As expected, performing the test without any preload led to the largest
crosshead displacement, but on the contrary, also to the highest tensile strength and the lowest standard deviation
of all preload levels. The preload of 15 N led to a very small mean value and standard deviation of the obtained
deformation differences, which means, that there was nearly no torsion of the specimen to be observed during
these tests. The third preload level with 25 N showed a constant initial gradient of all three load-displacement
curves, why this load was chosen for the test speed series, although the twist of the specimens was higher compared
to the preload level of 15 N.

The test speed was varied between 0.7 and 3 mm/min. The smallest deformation differences in x- and y-
direction were obtained for a test speed of 0.7 mm/min, while the specimens tilted in z-direction, cf. Table 8. The
smallest deformation differences in z-direction were obtained for a test speed of 3 mm/min. But, as previously
described for RM-A4 and PM21, the test duration seems to be a more reliable criterion for choosing a suitable test
speed than the deformation differences obtained. The test duration for testing the AAC2-350 should at least be set
to 1 min. Based on the crosshead displacements a test speed of 0.6 mm/min was chosen to examine the number of
samples required for the AAC2-350.

The test parameters were adjusted to 25 N and 0.6 mm/min. The mean tensile strength of this test series was
0.43 MPa with a standard deviation of 0.04 MPa and a variation coefficient of 8.9%. According to equation (2), a
recommended number of samples of 8 can be set.
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Table 8. Results of the test series AAC2-350 with specification of the preload, test speed and number of samples.

Tensile Crosshead Deformation differences
Series Varied Number strength displacement AX Ay Az
parameters of tests MV SD MV SD MV Ssb MV SD MV SD
[MPa] [mm] [mm] [mm] [mm]
ON 3 042 0.01 0.90 0.03 0.159 0.244 0.026 0.020 0.063 0.027
Preload? 15N 3 0.39 0.04 043 0.18 0.000 0.001 0.000 0.001 0.004 0.002
25N 3 039 0.04 0.72 0.5 0.009 0.004 0.009 0.003 0.016 0.011
0.7 mm/min 3 040 0.01 0.66 0.07 0.005 0.005 0.004 0.003 0.035 0.015
Test Speed? 1 mm/min 2 0.41 0.03Y 0.69 0.10% 0.007 0.006® 0.008 0.006® 0.034 0.024%
3 mm/min 3 0.37 0.00 0.62 0.06 0.007 0.003 0.008 0.003 0.017 0.006
Final
parameters, 25 N
investigation - 18 043 0.04 068 0.15 - - - - - -
0.6 mm/min
sample
number

MV = Mean value; SD = Standard deviation
1 Series with test speed 0.4 mm/min; ? Series with preload 25 N; ® Standard deviation for 2 samples

For the AAC2-350, the normal distribution with an expected value of 0.43 MPa at the density of 10.3 as shown
in Figure 13 is obtained.
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Tensile strength in MPa

Figure 13. Normal distribution AAC2-350.

3.2.4 Comparison

The tensile tests on RM-A4, PM21 and AAC2-350 were carried out with the improved experimental setup with
the positioning tool. As reference values summarized in Table 9, an optimized preload, test speed and number of
samples could be determined for the tested materials. The preload was determined depending on the tensile
strength. The lower the strength, the lower the preload. The test speed is identical for all materials. In comparison,
it can be observed that the crosshead displacement of the materials is the same despite their different tensile
strength values. The selection of the test speed was made based on the test time as well as the crosshead
displacement. The number of specimens was selected lowest for the RM-A4.

For the materials, the tensile strengths could be determined with a low standard deviation and variation
coefficient. The highest coefficient of variation in comparison is shown by the test series of PM21. This can be
attributed to the different grain structure present in the mortar. The distribution of the aggregate is different for
each test specimen and can influence the tensile strength.

In the test series, the differences in the tensile strength values can be related to the different batches and the
different testing times (for example 28 and 103 days). In comparison with the compressive strength, a ratio of 9%
can be determined for the RM-A4, while the ACC2-350 has a ratio of 15% and the PM21 a ratio of 21%. The
results should be considered with the influence of friction due to lateral supports.
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Table 9. Comparison of the tensile and compressive strength.
Number

Compressive

Material Preload Test Crosshead  Tensile strength Bz Be/pzY strength Bo _p2/po?
B speed samples displacement MV SD Ve MV MV
[MPa] [mm/min] [-1 [mm] [MPa] [%0] [MPa] [%6]
RM-A4 0.31 0.6 4 0.63 589 0.32 5.4 5.3 67.8 9
PM21 0.12 0.6 8 0.66 140 0.14 9.6 8.5 6.5 21
ACC2-350 0.04 0.6 8 0.68 0.43 0.04 8.9 9.3 2.9 15

MV = Mean value; SD = Standard deviation; VC = Variation coefficient
D Bp/Bp = Ratio of preload and tensile strength; 2 Bz/Bp = Ratio of tensile and compressive strength

4. Conclusion and outlook

Within the framework of the investigations, factors influencing the centricity of the tensile tests, such as the
specimen position at installation or the flexible mounting of the test setup and deviations in the lateral
displacements of the clamps, were identified and quantified by digital image correlation in an optical 3D-
measurement software. Based on the preliminary findings, the C-Type according to ASTM C307-18 [6] was
further developed to U-Type. The clamps were firmly fixed at the bottom and flexible mounted at the top. The
geometry of the clamps was modified according to [1] and enhanced with lateral supports fixing the clamps in the
axial direction. To maintain the same starting position of each specimen, an adapter for specimens according to
ASTM C307-18 [6] was developed and configured. The adapter tool and the bone-shaped steel specimen were
used to find the optimal position in the new test setup.

The key findings of this work can be summarized as follows:

1) Overall, the improvements of the U-Type test setup in combination with the optimum positioning of the
specimens led to a reduction in deformation differences and corresponding standard deviations of up to 94.5 and
95.3%, respectively, leading to a more uniform stress distribution in the cross section.

2) Regardless of the material strength, the crosshead test speed of 0.6 mm/min is adequate to obtain reasonable
testing times of about 1 min.

3) With the further developed U-Type test setup, mineral-based materials with tensile strength values between
0.4 and 5.9 MPa can be tested in a reproducible manner with a variation coefficient smaller than 10%.

4) The laboratories by ASTM C307 conducted 3 test series with 6 individual tests each. In comparison, this
study obtained that with a variation coefficient of about 5% the number of samples can be reduced to 4 specimens
per test series. For a variation coefficient of up to 10% a number of 8 specimens for mineral-based materials should
be tested.

5) The tensile to compressive strength ratio of about 10% as reported in the literature could not be verified for
materials with low tensile strength with a ratio up to 21%, respectively, while the RM-A4 mortar confirmed the
expected value with 9%.

In future studies, the testing equipment will be used to examine the influence of different environmental
conditions as well as different temperatures during the test on the tensile load-bearing behavior of further materials.
In addition, further analyses will be conducted in ARAMIS®, as for example the determination of the strains to
analyze the deformation behavior under tensile load.
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