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Abstract. The tensile strength of concrete plays a vital role in the design of large concrete infrastruc-
tures. Further, the majority of these structures are subjected to cyclic loading, causing fatigue. Most
of the properties under monotonic and fatigue loadings are obtained from tests conducted on small-
sized specimens. Since concrete exhibits a strong size effect due to its heterogeneous nature, it is
imperative to determine the properties of large specimens. This study aims to conduct a stable, direct
tension test on 400 x 400 x 100 mm sized concrete prismatic specimens to investigate the differences
in fracture mechanism under both monotonic and fatigue loading. The acoustic emission (AFE) and
digital imaging are used to capture the evolution of microcracking during the monotonic and fatigue
tests. It is observed that the tensile strength of concrete is about 4-5% of the characteristic compres-
sive strength, which is nearly half of the value considered in the literature. Further, the mechanism of
microcracking is significantly different under monotonic and fatigue loadings.

1 Introduction strength (f.;) after 28 days of wet curing. Typi-
cally, the fundamental elastic properties of con-
crete are evaluated using small cubes of size 150
mm and cylindrical specimens with a height of

300 mm and diameter of 150 mm. However,

Concrete is the commonly adopted material
in construction and is extensively used to build
various structures such as high-rise buildings,
dams, tunnels, and bridges. The behavior of

concrete has been thoroughly studied over the
decades, and these studies are utilized to design
structures by adhering to various limit states
of serviceability and strength. Ensuring that a
structure meets these criteria is essential for its
safe design. In the design of large structures, in-
cluding dams and nuclear power plants, it is as-
sumed that the tensile strength (f;) of concrete
is zero [[1]. This is despite the fact that litera-
ture and various codal standards report the ten-
sile strength as being 8-15% of its compressive

real structures are much larger, and concrete
exhibits strong size effects due to its heteroge-
neous nature [|1]].

Cracking is an inherent feature of any ce-
mentitious material, including concrete. How-
ever, these develop into structural cracks when
the applied stress exceeds the tensile strength,
leading to visible and more complex cracks. To
enhance the safety and reliability of concrete
structures, it is crucial to incorporate a com-
prehensive understanding of fracture mechan-
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ics and size effects into design practices [2,3]].
This approach can help to mitigate the risks as-
sociated with overloading and other factors that
contribute to structural failures.

Fracture-based design necessitates a thor-
ough understanding of the fracture behavior of
concrete under tension. Current design philoso-
phies predominantly rely on indirect tension
tests, such as three-point or four-point bend-
ing tests (flexural tests) on beams, splitting ten-
sion (Brazilian) tests on cylinders, and wedge-
splitting tests on compact tension specimens
[4-6]]. Mier and Vliet [[7] have stated the im-
portance of determining the fracture proper-
ties of concrete and similar disordered materials
(rock, clay, ice, bricks, etc.) using the uniax-
1al tension test. However, direct tension tests
are less frequently discussed in the literature
[8H10]]. Some direct tension tests are conducted
on small-sized specimens, including cylinders,
rectangular prisms [[11]], and dog bone-shaped
specimens. This is primarily due to the numer-
ous challenges encountered in conducting the
direct tension tests [12,/13]. Major difficulties
include [1]]:

* Ensuring proper alignment without caus-
ing eccentricities during the cracking pro-
cess.

* Securing the specimen with proper fix-
tures.

* Maintaining the stability of the specimen
geometry.

» Using testing equipment capable of stable
experimental control.

* Significant time required for these tests.

* Additionally, there are no standardized
protocols for performing these types of
experiments on a large-scale.

The above challenges are overcome in this
research by creating a bi-axial test facility (as

explained later on) wherein large-size speci-
mens can be tested in displacement control un-
der monotonic and load control fatigue load-
ing. This facility is supplemented by acoustic
emission and digital imaging monitoring sys-
tems to study the mechanisms of micro-crack
nucleation and its growth. This will provide
more insights into concrete fracture and fail-
ure behavior that have not been seen in previous
studies.

Many concrete structures are subjected to
repetitive loading, and failure in such conditions
occurs due to fatigue. Under fatigue, the ac-
cumulation of internal microstructural damages
occurs even under lower amplitudes of loading.
Reinhardt and his research group [1,14./15] have
conducted cyclic loading tests on prismatic
specimens using tension-compression loading.
Many other researchers have conducted fatigue
tests of concrete under tension using cylindri-
cal specimens. However, to the best of authors
knowledge, fatigue tests on large concrete spec-
imens under direct tension are not reported in
the literature [16].

In this work, large-sized double-edge
notched prismatic concrete specimens are pre-
pared and tested under monotonic and fatigue
loading. The main objective is to identify the
differences in the mechanisms of crack growth
under these two types of loading. This is
achieved through the tracking of the micro-
cracking process using acoustic emission and
digital imaging techniques.

2 Materials and preparation of specimens

This section contains the details of the mate-
rials used in the preparation of the direct tension
specimens.

Plain concrete prismatic specimens were
prepared as per the mix design protocol given in
the Indian Standard Code IS 10262-2016 [17].
The mix of concrete contains Ordinary Portland
Cement (OPC) of grade 53, river sand which
passes through a 4.75 mm sieve, and graded
coarse aggregates of crushed granite stone hav-
ing a maximum size of 12.50 mm.

The water-to-cement ratio (w/c) is taken as
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0.50, and the mix ratio of cement:fine aggre-
gate:coarse aggregate is 1:2.30:2.70. Based on
this mix ratio, direct tension specimens are pre-
pared together with cubes (150 mm) and cylin-
ders (diameter (¢)-150 mm, and height 300
mm) for evaluating the elastic properties of the
material.

Figure |1| shows the geometric details of the
specimens used in the experiment. The direct
tension specimens are prismatic, with a length
of 400 mm, height of 400 mm, and thickness
of 100 mm. The prismatic specimens are pro-
vided with notches of 2 mm width and length
of 100 mm provided at mid-height at both ends
(notch-to-depth ratio (a/D) 0.25), thereby cre-
ating a double-edge notched specimen. These
specimens were fixed with two steel plates of
30 mm thickness while casting itself using nine
numbers of 16 mm diameter rebars. The steel
plates had threaded holes for fixing the speci-
men to the platens of the testing machine us-
ing bolts. The freshly prepared concrete was
poured into steel forms, which were placed with
their large faces horizontally down. The 30 mm
steel plates welded with steel rebars were kept
inside the forms in position, and the concrete
mix was poured and vibrated.
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Figure 1: Geometrical details of the specimen

All specimens were removed from the molds

1@“ [] Speckle pattern (DIC)

after a day and cured in water for 28 days.
The cubes and cylinders are tested using stan-
dard procedures, and their elastic properties are
determined. The mean and standard deviation
(SD) of elastic properties are shown in Table [I]

Table 1: Details of elastic properties (cubes and cylin-
ders)

Properties (in M Pa) Mean SD

Compressive strength, fe. 48.00 3.45
Splitting tensile strength, f,, 3.36  0.21
Modulus of elasticity, & 34205 2155

3 Test setup and experimental procedure

The direct tension tests were conducted on
a large stiffness biaxial setup manufactured by
M/s ITW India. The biaxial setup is a servo-
hydraulic system consisting of four orthogo-
nally placed independent actuators with 500 kN
capacity each. The specimen was placed ver-
tically and fixed to the vertical actuator, which
measures the load and deflection through the in-
built load cells and strain gauges. The special
feature of this machine is its capability to apply
uniaxial tensile loading without creating any ec-
centricities during the cracking process. This
is possible through the linear variable differen-
tial transducers (LVDT) provided on each ac-
tuator that senses the eccentricities and applies
displacements to counter this effect. Figure 2]
shows the machine with the specimen attached
to the vertical actuators. Figure [3]illustrates the
notch dimensions and the location of the clip
gauge to control and measure the crack opening,
which is attached near the notch mouth. The
specimen was instrumented with six acoustic
emission (AE) piezoelectric sensors, of which
three are mounted on the front and three on the
back face of the specimen. These AE sensors
capture the micro-cracking activity that takes
place inside the specimens. While the AE data
provides micro-cracking information inside the
specimen, simultaneous digital imaging cap-
tures the displacement and strain profiles on the
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specimen faces. For this imaging, a speckle pat-
tern is created on the specimen face in the re-
gion between the notches spanning 50 mm in
height and 200 mm in length using black spray
paint. A camera was mounted in front of the
specimen that captured the images at regular
intervals as the experiment progressed. These
images were analyzed using built-in correlation
algorithms in imaging post-processing software
to determine surface displacements and strains.

0 q

Data Acquisition
system

Figure 2: Experimental setup
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Figure 3: Details of notch and positioning of CMOD

The specimens are tested using two different
loading protocols - monotonically increasing
crack mouth opening displacement (CMOD)
and cyclic fatigue loading. In the monotonic
tests, the loading is done using CMOD con-
trol in order to obtain the complete post-peak
response. Here, the clip gauge is used to con-

trol the test with the rate of crack opening set to
0.0001 mm/s.

In the fatigue tests, harmonic tensile cyclic
loading is applied to the specimens with con-
stant amplitude and variable frequency. The
maximum amplitude (F,,,,) was set to 19.40
kN, which is 50% of the average peak load
in the monotonic test, and the minimum load
(Puin) was set to 7.76 kN, which corresponds
to 20% of mean peak-load of the monotonic
test. The stress ratio (1), which is the ratio
of minimum to maximum load <R = %) T
0.40 in the tension region. The frequency of ap-
plied loading was kept small in the beginning
and gradually increased as the test progressed.
This was done to prevent sudden failure of the

| specimen. The minimum frequency of the fa-

tigue loading was 0.01 H z while the maximum
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Figure 4: Loading details of the fatigue test

4 Results and discussion

The various observations and results from
the monotonic and fatigue experiments are ex-
plained in this section.

4.1 Behavior under monotonic loading
Three notched prismatic specimens were

tested under monotonically increasing crack

mouth opening displacement at a rate of 0.0001
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mm/s in a servo-hydraulic testing machine un-
der direct tension. As mentioned earlier, the
stiff testing machine can negate any eccentrici-

gauge was 0.040 mm, respectively.

ties that are caused during the cracking process, 50

thereby ensuring a proper alignment under pure —sMm1
tension. Figure E] shows the load versus CMOD 404 —SM2
curves of the three specimens. From these —SM3
curves, it is seen that the material behaves lin- 2301

ear elastically until 75-80% of the peak load in S

the initial pre-peak region. The slope of the lin- E 20 -

ear elastic portion, termed the initial stiffness,

was computed for the three specimens, and the 104

average value obtained was 1562.03 kN/mm.

However, beyond this linear portion, the speci- 0

mens show nonlinear behavior up to peak load.
The average peak load measured from the verti-
cal actuator was 38.80 £V, and the correspond-
ing average value of CMOD noted from the clip

CMOD (mm)

Figure 5: Load versus CMOD curves
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Table 2: Fracture properties from monotonic tests

Specimen Initial Peak CMOD Area Fracture Tensile
number |} slope load peak failure load-CMOD energy strength
e N/m kN  mm  mm Nm . N/m ~ MPa
1 1562.03 45.67 0.032 0.275 5.57 278.62 2.28
2 1274.54 33.58 0.044 0.312 5.62 280.88 1.68
3 1781.48 37.15 0.044 0.280 6.21 310.62 1.86
] Mean 1562.03 38.80 0.040 0289 580 290.08  1.94
Standard deviation 234.74 5.07 0.006 0.016 0.28 14.58 0.25

The tensile strength is a material parameter,
which is calculated as the ratio of peak load to
uncracked ligament area (200 x 100 mm). The
average tensile strength yielded a value of 1.94
M Pa. The average compressive strength of a
cube having size 150 x 150 x 150 mm was de-
termined to be 48 M Pa. The ratio of tensile
strength to compressive strength works out to
be 4.04%. The relationship between tensile (f;)
and compressive strength (f.;) can be written in
the form

Je = o/ fer (1

Where « is the coefficient, which is estimated
as 0.28. Equation [I] can be rewritten as f; =
0.284/ fex. The corresponding equation, as sug-

gested by the Indian Standard code IS 456-2000
(18], is f; = 0.7+/f. for flexural tension case.
The flexural tensile strength is seen to be much
higher than the measured value under the di-
rect tension of a large concrete specimen. Table
gives the fracture properties obtained under
monotonic testing of large concrete specimens
under direct tension.

4.2 Behavior under fatigue loading

Conducting a fatigue test under direct ten-
sion on concrete specimens is quite challenging
since a small eccentricity or an overload or a
large frequency of loading can break the speci-
men. Hence, a loading protocol with frequency
varying from an initial small value to higher val-
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ues was defined as shown in Figure 4, As seen
in this figure, steps 1 and 2, with 50 cycles each,
have a frequency of 0.01 and 0.05 H z, respec-
tively. Steps 3-10 have 5000 cycles each, and in
each step, the frequency increases by 0.05 H z.
The last step is designed for 100,000 cycles of
0.5 H z frequency.

Figure [0 shows the plot of maximum
CMOD, which is the CMOD corresponding to
the maximum load in every loading cycle as a
function of the number of loading cycles. There
is a gradual increase in the CMOD with increas-

ing fatigue loading cycles. Figure [/| shows the
degradation in stiffness with an increasing num-
ber of fatigue loading cycles. Here, the stiff-
ness is gradually reduced with increasing load-
ing cycles. The gradual increase in the CMOD
and the decrease in stiffness is a consequence of
the evolution of micro-cracks and their coales-
cence during fatigue loading. The mechanisms
of the crack growth taking place during the fa-
tigue process are well captured and explained
later on from the results of the acoustic emis-
sion.

Table 3: Features from fatigue experiments

Number Frequency Max. CMOD Stiffness
Step of cycles Initial Final Initial Final
| Units=  Hz 1 mm  mm  kN/mm kN/mm
1 50 0.01 0.00328 0.00409 3328.89 3226.79
2 50 0.05 0.00411 0.00418 3260.50 3261.60
3 5000 0.10 0.00417 0.00528 3276.30 3124.80
4 5000 0.15 0.00524 0.00590 3122.80 3115.60
5 5000 0.20 0.00580 0.00580 3113.30 3113.80
6 5000 0.25 0.00574 0.00585 3110.70 3124.70
7 5000 0.30 0.00582 0.00592 3113.50 3112.20
8 5000 0.35 0.00586 0.00589 313.80 3112.80
9 5000 0.40 0.00573 0.00598 3127.77 3101.14
10 5000 0.45 0.00590 0.00630 3096.50 3109.40
11 100000 0.50 0.00630 0.0650 3103.83 3064.34
0.0080 3200
Step-5 Step-6 » Step-7 Step-5 Step-6 » Step-7
20.0075 . :zgjl * Step-9 * Step-10 E ‘ ::Zgj‘] * Step-9 @ Step-10
§ 0.0070 ‘55'3150 ]
o ) o =
5 0.0065 y T W INSBR g “ 00’ ok
g o ¢ i éﬂ '; o2V WV«
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Figure 6: CMOD with number of cycles

Number of cycles

Figure 7: Stiffness degradation with number of cycles
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Table[3]shows the variations in the maximum
CMOD and stiffness at different steps of fatigue
loading.

4.3 Results from acoustic emission data
analysis - Differences in the behavior
under monotonic and fatigue loading

In this section, the fracture mechanisms for
the failure of concrete in direct tension under
monotonic and fatigue loading are analyzed and
discussed using the data from the distribution of
acoustic emission events and energy.

Figure [§] shows the distributions of acous-
tic emission (AE) events at different loading
stages of the load-CMOD curve of specimen
number three. No events were observed up to
50% of load in the pre-peak region. The AE
events started appearing at about 70-80% of
pre-peak loading, indicating the beginning of
micro-cracks formation. A few events had oc-
curred at peak load close to the right notch tip.
This indicates the localization of fracture taking
place at one of the notch tips. As the mono-
tonically increasing CMOD progresses, lead-
ing to the softening behavior (as seen in Fig-
ure [3), the number of AE events is seen to in-
crease, moving towards the left notch tip. This
increase in AE events indicates the growth of
micro-cracks in a localized region of the right
notch tip, known as the fracture process zone.
Many toughening mechanisms, including crack
shielding and crack branching, besides others,
occur in the fracture process zone. Final fail-
ure occurs when this zone of micro-cracks ap-
proaches the left notch tip.

In contrast, the occurrence of AE events or
the micro-cracks under fatigue loading shows a
completely different picture. Hardly any events
are seen for a major portion of the fatigue life.
The events begin to appear only in the last stage
of fatigue, just before final failure. Figure [9]
shows the distribution of AE events that are
formed in the last few cycles of the fatigue load-
ing. Only about twenty AE events are formed,
with the majority forming in the last few cycles.
Furthermore, the AE events are distributed in
the uncracked ligament between the two notch

tips. There is no localization of fracture, as seen
in the case of monotonic loading.
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Figure 9: AE events at final cycle (Fatigue loading)

Figure [I0] shows the final crack profile ob-
tained from digital image correlation (DIC) us-
ing VIC-2D software. The Figures and
[T0(b)| depict the strain contours, through which
the crack profile is evident for both monotonic
and fatigue cases, respectively.
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Figure 10: Crack profile from DIC

For the DIC, the region of interest (ROI) con-
sidered is 50 mm height at the middle portion
and 200 mm length measured between left and
right notch tips. In the case of monotonic load-
ing, the crack grows continuously during the
post-peak softening regime. However, under fa-
tigue loading, the final crack appears suddenly,
during the last few cycles of loading.

Figures[I1] and[12] show the variation of nor-
malized AE events and normalized cumulative
energies, which are plotted against normalized
time for monotonic and fatigue loading, respec-
tively. The normalization is done using the
corresponding final values. Sharp differences
are observed in these figures corresponding to
micro-cracks formation under monotonic and
fatigue loading. While in the monotonic load-
ing case, there is a continuous formation of
micro-cracks, especially in the post-peak soft-
ening region, this is not so in the case of fa-
tigue loading. The nucleation of micro-cracks
takes place close to the final failure in fatigue
loading. The AE energy dissipated as a conse-
quence of micro-crack formation is seen to in-
crease steadily under a monotonic loading case.
However, the AE energy in the case of fatigue
loading is seen to be dissipated just before the
final failure. This behavior indicates that failure
under fatigue loading occurs in a brittle manner
when compared to monotonic cases, without the
formation of a large number of micro-cracks.
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Figure 11: Normalized time versus Cumulative distribu-
tion of AE events
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The fact that no events are formed during
the initial fatigue loading cycles indicates that
at lower frequencies, the cracking process does
not get triggered. There should be some thresh-
old energy that needs to be supplied to cause
micro-cracking under fatigue loading. This
needs further attention, and more tests are re-
quired to verify the existence of the threshold
load limit.

5 Conclusion

In this work, a successful direct tension
test was conducted on large-sized double-edge
notched concrete prismatic specimens of size
400 x 400 x 100 mm with a notch-to-depth ra-
tio a/d ratio of 0.25 under both monotonic and
fatigue loadings. The major conclusions from
the obtained results are

* In the monotonically increasing CMOD
loading direct tension test, a stable, post-
peak softening response was obtained.
The micro-cracking process, which was
initiated before the peak load, started to
grow continuously during the post-peak
softening response with the formation of
a fracture process zone at one of the notch
tips due to fracture localization.

* The tensile strength (f;) obtained from
large-size direct tension test is 4-5%
of the compressive strength of concrete,

which is much lower than the flexural ten-
sile strength reported in the codes of prac-
tice.

* The failure mode under fatigue loading is
different from the monotonic counterpart.
A relatively brittle mode of failure occurs
under fatigue loading without the forma-
tion of a large zone of micro-cracks, as
seen in the monotonic case.
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