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Abstract: The strain rate dependent compressive strength of an autoclaved aerated concrete (AAC)
having a density of 600 kg m™ was experimentally investigated between quasi-static and high strain rates
(2x1073-~4150 s*) through quasi-static and dynamic compression, confined compression and indentation tests.
High strain rate equilibrium and direct impact non-equilibrium compression tests in conjunction with the high
strain rate confined compression and indentation tests were conducted in a compression Split Hopkinson
Pressure Bar. The experimental results showed two different regions of the compressive strength-dependency
on the strain rate: a low-strain rate-dependent region from quasi-static to ~18 s and a high-strain rate-
dependent region from ~18 s™* to ~1000 s™. The switch of the failure mode from the single axial cracking at
quasi-static strain rates to the extensive axial and circumferential cracking at increasing strain rates was
ascribed to both the axial and radial inertia. The dynamic increased factor (DIF=dynamic strength/static
strength) showed an abrupt increase after ~18 s as similar with the compressive strength. The mean confined
and indentation strength values also increased as the velocity increased, while the mean confined compression
strength values were shown to be comparable with the dynamic compressive strength values. The inertia and
strain rate contributions to the enhancement of DIF until about 1000 s™* were predicted by taking the quasi-
static indentation strength as the full confinement strength.

Keywords: Autoclaved aerated concrete; Split Hopkinson Pressure Bar; direct impact; compressive
strength; indentation; confinement; inertia

Introduction. Autoclaved aerated concrete (AAC) is a light-weight cellular material with
relatively high compressive strength, low thermal conductivity, high sound absorptivity, non-
flammability and high durability [1]. AAC is processed by foaming a ceramic slurry of sand, lime,
cement and water in the presence of a foaming agent i.e. aluminum powder and has become one of
the most widely used building materials [2]. It is applied mainly as the heat and sound insulation
material and also as the structural element. Most of the previous studies on the determination of the
mechanical properties of AAC have been so far at quasi-static strain rates; examples can be found in
[1, 3-8]. However, the dynamic loading of the AAC-based structures is quite possible under extreme
loading conditions such as earthquakes, explosions and projectile impacts. But, there have been few
experimental and numerical studies, based on the authors’ knowledge, on the dynamic loading
behavior of AAC in the literature as will be shortly reviewed here. The shock stress response of an
AAC (500 kg m™®) was previously investigated [9]. Radial and spalling cracks were detected and the
source-distance was shown the main factor affecting the number of cracks formed. The quasi-static
and dynamic compression mechanical behavior of an AAC sample (550 kg m) were determined
until about 104 s! [10]. In the confined compression tests, the samples were completely densified
with a continuous load-displacement behavior. The dynamic compressive strength increased by 45%
of the quasi-static strength at 515 s and the damage formed earlier in dynamically tested samples.
Dry and water-saturated AAC samples were tested between 1.4x102 and 1x10° s [11]. The failure
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strength showed a positive strain rate sensitivity from quasi-static up to a critical strain rate; thereafter,
the samples were pulverized near the plane of impact.

The strength enhancement in brittle rock-like materials is generally presented by the dynamic
increase factor (DIF=dynamic facture strength/static fracture strength). The DIF of concrete was
reported to vary between 1 and 2.5 from static to dynamic strain rates with a sudden increase after
about 100 s [12]. The compressive strength of limestone was shown to increase slowly with strain
rate up to 103 s%; thereafter, increased sharply, approaching the shock fracture strength [13]. An “s-
type” dependence of the fracture strength of brittle materials on strain rate was proposed as
schematically shown in Figure 1 [14].

Figure 1. The schematic of the variation of the strength of brittle materials with strain rate,
adapted from reference [14]

On this “s-type” curve, there are two turning points: (1) from a low-strain rate-dependent
strength to a high-strain rate-dependent strength region and (2) from a high-strain rate-dependent
strength to again a low-strain rate-dependent strength region. The first and second turning points
were broadly proposed as 102 and 104 s for concrete, respectively [15]. The low-strain rate-
dependent strength region was ascribed to the strain-rate dependent growth of tensile micro cracks
(thermally activated mechanism) and viscous behavior of bulk material between cracks (Stefan effect)
[16-18]. Since the energy needed for crack opening is much higher than the energy needed for crack
growth at quasi-static strain rates, few cracks grow under static loading through the weakest path
along axial direction. There is however less time for both crack opening and growth at increasing
strain rates, causing an increase in the dynamic strength and number of micro cracks formed. [17-19].
The water content increased the strain rate sensitivity of concrete under tension [20] and compression
[21] and altered the compression failure mode [21]. The increased strain rate sensitivity of wet
concrete was ascribed to viscous mechanism in several references [21-23]. At increasing strain rates,
an elastically deforming structure cannot expand in the transverse direction (Poisson’s expansion)
due to the radial inertia restraint. The radial inertia imposes a confinement stress on the deforming
structure, transforming the deformation from a uniaxial state of stress to a uniaxial state of strain. The
increase in the strength of concrete after a critical velocity was ascribed to the development of a
uniaxial state of strain [13, 24-27]. Modelling SHPB tests on concrete using a pressure dependent
strength model showed that the stress triaxiality was near 1D state of stress at 47 s, while it reached
1D state of strain at ~795 s [28]. Above this critical strain rate, the sample deformation was
completely 1D state of strain. The explained pseudo strain rate effect occurs when the compressive
strength of the tested sample is hydrostatic pressure sensitive and lateral confinement is developed
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on the sample. A current concrete model has adapted a cut-off value of 2.94 to cap DIF above 300s™
[28]. But, it is not clear whether or not this capping occurs in or after the high-strain rate-dependent
strength region. The inertia corrected stress of a cylindrical sample under compression was given by

Davies and Hunter in 1963 [29]
2 2
C.=0,+ H%} + v{%ﬂpé(t) (1)

where o, is the average stress, h and d are sequentially the height and diameter of a cylindrical

sample and p and o are the density and Poisson’s ratio of the test material, respectively. The second
and third terms in Eqgn. 1 are the axial and radial inertia stress term, respectively. As noted in the
above equation, confining the sample during deformation eliminates the stress rise due to radial
inertia.

The main motivation for the present study is the lack of a comprehensive experimental study
on the strain rate dependent compressive strength of AAC as stated earlier. Therefore, the strain rate
sensitive compressive strength of an AAC was investigated experimentally in order to determine the
effect of strain rate on the crushing behavior. Various test methods including quasi-static and dynamic
compression, drop-weight compression and direct impact tests were applied. The quasi-static
compression tests were performed at the velocities between 5x107° to 5x10° m s, corresponding to
the strain rates of 2x107 and 2x10! s*. The low-velocity impact tests were performed in a drop-
weight set-up at a velocity of ~1 m s, corresponding to ~35 s™*. The dynamic compression tests were
performed in a compression type Split Hopkinson Pressure Bar (SHPB) at the velocity of 8 m s,
corresponding to ~185 s and the direct impact tests between 10 and 108 m s, corresponding to
~385 and ~4150 s*. The direct impact tests were non-equilibrium tests and analyzed differently from
the compression SHPB tests.

Materials and testing

Sample preparation

AAC blocks and plates (600 kg m) were provided by one of the biggest AAC producers in
Turkey, AKG Gaz Beton. The quasi-static and dynamic compression test samples, ~19.4 mm in
diameter and 26 mm in length, were cored-drilled from 26 mm-thick AAC plates using a core-drilling
machine. Figures 2(a-c) show the pictures of a 26 mm-thick core-drilled AAC plate, fracture surface
of an AAC sample and the core-drilled compression test samples, respectively. As seen in Figure
2(b), the tested AAC had a typical cellular structure, composing of cells and cell walls and edges. The
cell sizes were measured using an image analyzer on the pictures of the fracture surfaces of few
samples. At least 120 cells were counted and the results were averaged. The average cell size was
determined 0.5 mm using above method. No coolant was used in the core-drilling and the surfaces of
cylindrical compression test samples were cleaned after drilling by applying pressurized air. The
indentation tests were directly performed on the flat surfaces of AAC blocks. Before testing, the core-
drilled compression test samples and the blocks for the indentation tests were kept in an oven at 70°C
for 24 h (standard procedure).

The same sample sizes were used in the quasi-static, SHPB and direct impact compression
tests. The maximum diameter of test samples was limited by the diameter of the bars of the used
SHPB (19.45 mm). The sample size can affect the critical strain rate for the inertia dominated
deformation. It may also alter the strength since the strength of brittle materials is volume dependent
(the probability of the presence of larger microstructural defects). Larger samples exhibit lower
strength. On the other hand, smaller samples may not represent the homogeneous mechanical
properties, which requires at least 8-10 cells in one dimension [30, 31]. The tested samples in the
present study contained much more cells (0.5 mm cell size) than the critical number cells.
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Figure 2. The pictures of (a) a core-drilled 26 mm-thick plate, (b) the fracture surface of a
AAC sample (showing the typical foam cellular structure) and (c) the compression test samples
after core-drilling

Unconfined quasi-static and high strain rate compression tests

Quasi-static compression tests were performed in a Shimadzu AG-X Universal Test machine
in accord with ASTM C39/C 39M-03 “Standard Test Method for Compressive Strength of
Cylindrical Concrete Specimens” [32]. Three different cross-head speeds were used in the quasi-static
compression tests; 5x10°, 5x10*, and 5x10-3 m s, corresponding to the strain rates of ~2x107,
~2x102 and ~2x10 s%, respectively. The strain was calculated as the nominal strain (elongation
divided by initial length) and determined both from the machine stroke and the video extensometer
synchronized to the test machine. In all compression tests, an axis-aligned pin-ball upper compression
test platen was used and the sample deformation was recorded by using a video camera.

The low velocity compression tests were performed in a FRACTOVIS drop-weight tester
using a 90 kN-90 mm-diameter flat-end striker. A photocell-circuit was used to measure the striker
velocity at 1000 kHz. The initial striker velocity was varied between 1.05 and 1.1 m s, corresponding
to a strain rate between 34 and 38 sX. The striker velocity decreased only ~0.1 m s* until the fracture.
The energy absorbed by the AAC samples was calculated ~0.4 J by taking the fracture strength 7.34
MPa and the fracture strain 0.015. The striker energy was therefore far greater than the energy
absorbed by the sample by taking into account an applied weight of 6.42 kg and the mass of the striker
itself. The deformation was further recorded by a Fastcam Photron high speed camera at 20000 fps.

The SHPB apparatus used in the high strain rate tests consisted of 19.45 mm diameter Inconel
718 incident (3110 mm), transmitter (2050 mm) and striker (500 mm) bar. The elastic modulus and
density of bars were 204 GPa and 8394 kg m™, respectively. The schematic of the used SHPB test
system is shown in Figure 3(a). The strains on the bars were measured by a full Wheatstone-bridge
configuration of 350 Q foil strain gauges. The velocity of the striker bar was measured using laser-
velocity gates mounted at the exit of the gas barrel and also from the Fastcam Photron high speed
camera records of the striker bar. Based on the stress equilibrium, the strain (es), stress (os) and strain
rate (¢s) of the sample are [33]

£(t) = —Z%t . (D)t ©)
o, (1) = % E,ér (1) @
5,0 =22 50 ©)

S

where Ls, A, As, Eb, co and t are the length of sample, the cross-sectional area of bar and sample,
elastic modulus and wave velocity of bar, and time, respectively. er and et are sequentially the
reflected and transmitted strains.
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Eqns. 3 through 5 are valid when the stress at the sample/incident bar interface is equal to the
stress at the sample/transmitter bar interface [29, 33]. It was analytically shown by Davies and Hunter
[29] that the stress equilibrium in SHPB is established when T > zt_; where T is the duration of

loading, t, is the sample transit time (L, /c.)and cs is the wave velocity of sample [29]. In other

words, the incipient stress wave should reverberate at least 3-4 times in the sample before the
equilibrium is established [34]. In the SHPB testing of brittle materials, test sample may fracture
within the initially steeply-rising part of incident stress wave at a time earlier than the time needed to
establish the stress equilibrium (time to fracture > zt,). In order to induce a gradually-rising incident

wave, pulse shaping method is widely used [12]. In this method, a thin layer of a ductile metal is
placed at the front of the incident bar so that the deformation of the thin-metal layer in between the
striker and incident bar induces a gradually-rising stress wave on the incident bar. In the present study,
an aluminum sheet in 10x10x2 mm size was used as a pulse shaper and placed at the front of the
incident bar by applying a thin layer of lubricant. The tests satisfying the stress equilibrium in the
SHPB are called “equilibrium tests” in the present study.

Figure 3. The schematic of (a) the SHPB compression test and (b) direct impact test together with
the picture of the direct impact test
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In the direct impact tests, the striker bar directly impinged on the test sample placed at the front
of the incident bar with an initial velocity (v) as shown in Figure 3(b).The direct impact tests were
performed at 10 m s using a 500 mm-long Inconel striker bar and at 30 and 108 m s using a 200
mm-long 1100 Al alloy striker bar. Higher velocities were attained using the lighter Al striker bar. In
these tests, the distal-end stress (o) shown in Figure 3(b) was calculated using the following relation

AEyé;
A

S

op(t) = (6)

where &; is the strain measured on the incident bar. Unlike the classical compression SHPB test, the

distal-end stress is not equal to the impact-end stress in the direct impact test. Therefore, these are
“non-equilibrium” tests. The calculation of the upper velocity for the stress equilibrium in the

classical compression SHPB test is as follows. The strain in a long elastic bar is %; where v is the

particle velocity and c is the elastic wave velocity. The quasi-static fracture strain (¢, ) of the tested

AAC samples were determined around 0.02 and the elastic modulus ~0.3 GPa.
By taking the density of ACC sample 600 kg m™, a particle velocity of ~15 ms* (v=¢,c)

was calculated at the fracture strain. Division this number by © gives an upper limit for the SHPB
equilibrium test, ~5 m s*.  Above calculations should be taken as a rough estimate of the upper
velocity limit as the fracture strain and elastic modulus of the tested sample may change with strain
rate and the use of pulse shaper reduces the particle velocity of incident bar below that of striker bar.
The lowest velocity used in the direct impact tests (10 m s1) is hence two times the calculated velocity
for the stress equilibrium; therefore, the direct impact tests are considered as “non-equilibrium tests”.
Note also that the impact-end stress could not be measured in the direct impact tests, while the strain
was calculated indirectly by assuming a constant deformation velocity. For a constant deformation
velocity, the sample should absorb only small portion of the kinetic energy of striker. The energy
absorption of an AAC sample until fracture strain (~0.02) was calculated ~0.9 J, while the energy of
striker bar at 10, 30 and 108 m s were ~61.6, ~71.79 and ~930 J, respectively. These calculations
indicated that the maximum sample energy absorption was ~1.5% of that of the striker bar (10 m s’
1), confirming the constant deformation velocity assumption. The strain rates of non-equilibrium tests
were calculated, based on the constant striker bar velocity, sequentially as ~385, ~1150 and ~4150 s°
! for the tests at 10, 30 and 108 m s™.

In both classical SHPB compression and direct impact tests, the bar strains were measured

some distance away from the sample/bar interfaces and were implemented in Eqns. 3 through 5 by
assuming no wave-dispersion on the bars. In the used SHPB test apparatus, the strain gauges were
0.8 and 1 m away from the sample/bar interfaces for the direct impact and classical SHPB tests,
respectively (Figures 3(a) and (b)). In order to account wave dispersion, two strain gauges (1.31 m
apart) were mounted on the incident bar as seen in Figures 3(a) and (b). The strain readings from
these two gauges were then used to check the wave-dispersion on the bars.
The impact of striker bar creates a compressive incident wave (1) at the impact-end of the AAC
sample as shown in Figure 3(b). This wave is reflected (or) and transmitted (o7 ) at the distal end of
the sample due to the mechanical impedance (4cp, where A is the cross-sectional area and p is the
density) difference between AAC sample and incident bar (Figure 3(b)). The ratio of the impedances
of ACC sample/bar was calculated 90.2. The magnitudes of the reflected and transmitted waves from
the distal-end are sequentially as

Z,-7Z
o = ( 21 JO‘l ~0.020, (7)
Z,+7,
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oy = 2 | A o, ~0.980, (8)
Z,+Z, \ A,

where Z, and Z, are the mechanical impedance of AAC sample and bar and A, and A, are the areas

of AAC sample and bar, respectively. In the direct impact tests (>10 m s), the wave created on AAC
sample upon the impact of striker bar was transmitted to the incident bar by 98%. The wave was
therefore assumed to be transmitted to the incident bar completely and the strain-gauge measured
stresses on the incident bar nearly corresponded to the distal-end stress of ACC sample.

Quasi-static and high strain rate indentation and confined compression tests

The quasi-static indentation tests were conducted on 40x40x20 cm blocks using flat-ended 5,
10, 15, 20, 25 and 30 mm-diameter 304 steel indenters (Figure 4(a)) until about 25 mm depth of
indentation at three different velocities, 5x107°, 5x10, and 5x10° m s, The indenters were screwed
to the Shimadzu Universal Testing Machine at the treated end, while 20 mm indenter was directly
compressed on the blocks by the upper compression platen. The tested blocks were then cut into half
at the mid-section of the indentation in order to observe the powder accumulation in the front of the
indenter. The high strain rate indentation tests (10 m s) were performed using a modified SHPB test.
In these tests, AAC sample (6x6x6 cm) was inserted between the incident and transmitter bar (Figure
4(b)). The transmitter bar was tightened on its supports in such a way that during a test it did not
move and the incident bar (19.4 mm in diameter) indented the sample. The difference between
incident and reflected stresses gave the indentation dynamic strength of the tested sample.

Figure 4. The pictures of 5, 10, 15, 20, 25 and 30 mm indenters from left to right (a) and
the schematic of dynamic indentation test (b)

A steel tube with an inner diameter of 19.35 mm, slightly smaller in diameter than the
compression test sample, was used to perform the confined compression tests at quasi-static and high
strain rates. The quasi-static tests were performed at 5x10* m s and the dynamic tests at 8 m s
without using a pulse shaper. Before testing, the samples were inserted inside the steel tube with a
wall thickness of 2 mm by applying a pressure. The schematics of the static and dynamic confined
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compression tests are shown in Figures 5(a) and (b), respectively. In the quasi-static tests, the sample
was compressed by a 100 mm-long Inconel bar which was just located under the loading plate. In
dynamic tests, AAC sample was placed between the flat-ends of the incident and transmitted bar
inside the confinement steel tube. Since the strength of the steel tube was much higher than that of
AAC, the steel tube was assumed rigid.

Figure 5. The schematics of confined compression tests (a) quasi-static and (b) high strain rate
SHPB test

Results

Quasi-static and high strain rate compression tests

Typical incident and transmitter bar strain readings of the SHPB tests with and without pulse
shaper at 8 m s are shown in Figure 6(a). The time difference between the starting points of the
reflected and transmitted waves is ~25 ps (marked in Figure 6(a)) for both with and without pulse
shaper tests and it is due to the wave transit time of the tested AAC sample. The use of pulse shaper
as seen in the same figure increases the sample facture time from 45.5 us to 100 ps. An average elastic
modulus of ~0.75 GPa was determined from the stress-strain curves at the same velocity. This
corresponds to an elastic wave velocity of 1118 m s and a transit time of 23 ps which is in accord
tf

with the measured transit time. The ratio of fracture time to transit time [ ] was calculated 1.82

t
and 4 for the tests with and without pulse shaper in Figure 6(a). Since the stress equilibrium was
established only by using pulse shaper (t, > at,), the SHPB compression tests were continued with

the use of pulse shaper at 8 m s (note that the velocity is lower on the incident bar). It is noted in
Figure 6(a) that the front and back strain gauges mounted on the incident bar read almost the same
strain, showing a negligible wave dispersion on the used Inconel 718 bars. Figure 6(b) shows the
variation of stress and strain rate with strain in a typical SHPB test with a pulse shaper. As noted in
the same figure, the strain rate varies with time until the fracture. The strain rate was then determined
as the strain rate corresponding to the maximum stress. For the particular test shown in Figure 6(b);
therefore, the strain rate at fracture is 185 s. Note that after the failure, the strain rate increases as
the sample becomes more compliant due to fracture. A common way of showing the stress
equilibrium in the SHPB tests is to shift the waves to the sample/bar interface by a distance
corresponding to the distance between sample and strain gauges and then calculate the equilibrium R
o, +0g

value (R = J . When this value reaches 1, the stress equilibrium is established in the sample.

Ot
As seen in Figure 6(b), the R value reaches 1 when the strain is ~0.007. Figure 6(c) shows typical
11
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strain gauge readings of the direct impact tests performed at 10 and 30 m s, In these tests, front and
back strain gauges were used to record the incoming wave after the impact of striker bar. The front
and back gauge readings at 10 m s (using 50 mm-long Inconel bar) are almost the same, proving
again an insignificant wave dispersion on the used Inconel bars. Also noted in the same figure that
the time to fracture is 49 ps at 10 m s, while it decreases to 34 us at 30 m s™. These are non-
equilibrium tests and prone to axial and radial inertia. The strain rates of non-equilibrium tests at 10,
30 and 108 m s striker bar velocities are sequentially ~385, ~1150 and ~4150 s™.

b) c)

Figure 6. Typical SHPB incident and transmitter strain readings of the tests with and without pulse
shaper (a) and typical stress-strain and strain rate-strain curve of SHPB test with pulse shaper (b)
and direct impact test strain readings from front and back strain gauges at 10 and 30m s(c)

The stress-strain curves of the quasi-static compression tests at 5x10° and the SHPB tests at
8 m s (using a pulse shaper, equilibrium test) are shown in Figures 7(a-b), respectively. The distal-
end stress-time curves of the direct impact tests at 10, 30 and 108 m s are further shown in Figure
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7(c). The maximum stress following the initial linear elastic region in these stress-strain curves is
taken as the compressive strength (Figure 7(a)). As seen in Figures 7(a-c), the compressive strength
increases as the velocity increases from quasi-static to 30 m s, while the compressive strength
slightly decreases when the direct impact velocity increases from 30 m s to 108 m s. The
representative compression stress-strain curves of the tested AAC from 2x10°3 s to 185s? (8 ms*
with pulse shaper) are shown in Figure 7(d). As noted in the same figure, the compression moduli at
35 and 185 s? are higher than those at the quasi-static strain rates, while the critical strains
corresponding to the compressive strength are similar at different strain rates, ~0.015-0.017. At the
highest strain rates, 1158 s (30 ms™) and 4158 s (108 ms™), the slopes of the initial linear region
were however significantly reduced as compared with those of lower strain rates. The stress on the
sample in the direct impact tests was measured only from the distal-end by the strain gauges mounted
on the incident bar. Therefore, the stress measurement did not show the average stress of the sample
at 1150 and 4150 s as the axial and radial inertial effects were predominant at these strain rates. The
mean compressive strengths of the tested AAC sample are listed in Table 1 together with test velocity,
strain rate and the test type.

c) d)
Figure 7. The compression stress-strain curves at (a) 5x10-° and (b) 8 m s (equilibrium test)
and (c) the compression stress-time curves at 10, 30 and 108 m s** and (d) the equilibrium test
stress-strain curves at different strain rates
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The failure at quasi-static velocities occurs by the initiation of a single axial crack at the bottom
compression test platen as shown by arrows in Figures 8(a-b). Additional axial cracks, as seen in the
same figures, then form as the upper compression test platen continuously compresses the sample.
As opposite to quasi-static compression tests, the failure at increasing velocities from 1 to 108 m s
starts from the impact-end (Figures 8(c-g)).

Table 1 The mean compression strengths of the quasi-static, drop-weight, SHPB and direct
impact compression tests together with test velocity and strain rate and the type of test

. Approximate Om
Veloc_llty strain rate Test (MPa)
(ms™) (s1)
5x10° 2x10°° Quasi-static compression 5.11
5x10* 2x1072 Quasi-static compression 5.37
5x10° 2x10* Quasi-static compression 5.89
1 35 Drop-weight 7.34
8 185 SHPB 9.9
10 385 Direct impact 10.2
30 1150 Direct impact 11.70
108 4150 Direct impact 11.60

The failure at quasi-static velocities occurs by the initiation of a single axial crack at the bottom
compression test platen as shown by arrows in Figures 8(a-b). Additional axial cracks, as seen in the
same figures, then form as the upper compression test platen continuously compresses the sample.
As opposite to quasi-static compression tests, the failure at increasing velocities from 1 to 108 m s
starts from the impact-end (Figures 8(c-g)).

Figure 8. The deformation pictures of the samples tested at (a) 5x10®, (b) 5x10 (c) 1 (drop tower),
(d) 8 (SHPB), (e) 10 (f) 30 and (g) 108 m s at different displacements before and after the failure
(the white arrows show the upper compression test platen in quasi-static tests and the impact-end in
dynamic tests and the black ones show the cracks)
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The failure in drop-weight test and at 8 and 10 m s also occurs dominantly by axial cracking,
while circumferential cracks at the impact-end are also noted (Figures 8(c-e)). However, the extensive
cracking composing of both axial and circumferential cracks is seen at the impact-end of the samples
tested at 30 and 108 m s (Figures 8(f) and (g)). The number of cracks also increase significantly at
these velocities, clearly indicating the effect of velocity on the fracture behavior of the tested AAC.

Quasi-static and dynamic indentation and confined compression tests

Figure 9(a) shows the indentation force-displacement curves of 5 and 10 mm indenters at 5x10°
> m s. A mean force of 5 tests for each indenter was calculated as seen in the same figure. The
indentation force initially increases linearly with increasing displacement until about a critical force
at which the indenter starts to penetrate the sample. Following the indenter penetration, the force
increases less gradually with increasing displacement. As seen in Figure 9(b), the average indentation
stress (mean force/indenter area) decreases as the indenter size increases, while the indentation stress
saturates at and above 25 mm indenter sizes. The increase of indentation stress with increasing
displacement is partly due to the powder accumulation in the front of indenter as depicted in the inset
of Figure 9(b) for 30 mm indenter. Figure 9(c) shows the indentation stress-displacement curves of
20 mm indenter at 5x107°, 5x10** and 5x10° m s%.

c) d)

Figure 9. the indentation force-displacement and mean force-displacement curves of 5 and 10 mm
indenters at 5x10° m s (@), mean stress-displacement curves at different indenter sizes at 5x10° m
s (b), indentation stress-displacement curves using 20 indenter at different velocities and
determination of indentation strength (c) and the stress-time curve of a dynamic indentation test
using 19.4 mm incident bar (d)
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As shown in the same figure, the intercept of a linear line drawn in the elastic region and a
linear line drawn in the indenter penetration region is taken as the average indentation strength which
corresponds to the stress at which the indenter starts to penetrate the sample. In the calculations of
the indentation strength, the shear and frictional forces were not taken into account. However, the
saturation of the indentation strength after 25 mm indenter size implies that the compression force is
significantly higher than the shear and frictional forces and therefore can be used to calculate the
indentation strength. Figure 9(d) shows the incident and reflected (shifted) stresses of a SHPB
indentation test together with the calculated indentation stress at 10 m s*%. The indentation stress was
calculated as the stress difference between incident and shifted-reflected stresses. As noted in the
same figure, the indentation of the incident bar to the sample starts after about a time which is
reflected as the reduced reflected stress in Figure 9(d). The indentation stresses were calculated 11.96,
11.54 and 12.10 MPa with an average of 11.87 MPa at 10 m s,

No pulse shaper was used in the confined compression tests since the samples in these tests
deformed without fracture until about large strains. Typical SHPB test incident, reflected and
transmitted waves of the confined compression test at 8 m s™ are shown in Figure 10(a). The strain
rate in these tests was almost constant and approximately 330 s™*. As noted in the same figure, the
time difference between starting points of the reflected and transmitted waves is again ~25 us and the
confinement tube is not relaxed quickly, imposing a residual stress on the transmitter bar at the end
of the transmitter bar strain reading (Figure 10(a)). Figure 10(b) shows the stress-strain curves of the
confined compression tests at 5x10“ m s and 8 m s. The confined tests at quasi-static strain rate
continued until about large strains (0.4) and the sample was compressed (densified) without fracture
as depicted in the inset of Figure 10(b). The initial linear elastic region of the confined tests in Figure
10(b) is followed by a non-linear increase of the stress after about a strain of 0.02. The corresponding
stress at 0.02 strain is taken as the confinement strength and it varies between 4.83 and 8.51 MPa
(o, =7.73MPa). These values are higher than the fracture strengths of the unconfined tests at the

same velocity (o, =5.89MPa). The samples tested at 8 m s* are again densified as the strain

increases and show almost no fracture as depicted in the inset of Figure 10(b). The final strain attained
in these tests is about 6%.

a) b)
Figure 10 (a) the incident and transmitter strain readings of a confined compression test in SHPB
at 8 m s and (b) the dynamic and static confined compression stress-strain curves and the pictures
of deformed and recovered test samples

The compressive strengths of confined SHPB tests are however slightly lower than those of
unconfined SHPB tests, varying between 7.96 and 10.42 MPa with a mean stress of 9.11 MPa at ~330
st (the mean strength of unconfined compression tests is 9.85 MPa at 185 s™). The confined
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compression strengths of SHPB tests are however higher than of those of quasi-static tests as shown
in Figure 10(b). Although the dynamic confined compression tests show higher initial stresses, the
stresses of both tests approach to each other at increasing strains as seen in Figure 10(b).

Discussion

The variations of the compression (Table 1) and confined compression and compression and
mean indentation (20 and 30 mm) strengths are shown in Figures 11(a) and (b), respectively. Note
that as the stresses on the sample was measured only from the distal-end by the strain gauges mounted
on the incident bar in the direct impact tests, the stress measurement did not show the average stress
of the samples tested at 320, 1150 and 4150 s™*. The compressive strength variation in Figure 11(a)
may be considered in two sequential regions: a lower velocity-dependent strength region (Region 1-
solid line) at quasi-static velocities and a higher velocity-dependent strength region (Region 2-dashed
line) at high velocities, showing the first turning point of the s-type curve.

c)
Figure 11. The variations of strength with velocity in (a) compression and confined compression
tests and (b) compression and indentation tests, and (c) the mean DIF values as function of strain
rate
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The confined compression stresses at 5% strain are also shown in the same figure for
comparison. One of the problems in the dynamic and quasi-static confined compression tests is the
establishment of a full-confinement state since the material near the confinement-circular-steel-tube-
wall fractures easily, resulting in reduced pressure on the sample and hence invalidating a full-
confinement state. The second problem is the prevention of the friction forces between sample and
confinement-tube wall. Third, increasing strain also increases confinement stress. Nevertheless, the
mean confined and indentation strength values in the same figure increase as the velocity increases.
The mean indentation strength values, showing presumably the full-confined state, are slightly higher
than the mean confined compression strength values (Figure 11(b)). The dynamic indentation tests
using the incident bar (19.4 mm) also result in similar mean strength values with the dynamic
compression tests. The results of linear fits to the compression, mean indentation and confined
compression strength values are also shown in Figures 11(a) and (b). The fitting results show
comparable slopes between the confined compression and compressive strength, while the slope of
the indentation strength is lower than that of the compressive strength in Region 1.

The facture of brittle materials proceeds with crack opening and growth. At quasi-static strain
rates, the energy needed for crack opening is much higher than the energy needed for crack growth.
Therefore, few cracks grow under static loading through the weakest path along in the axial direction.
At increasing strain rates, there is however less time for both crack opening and growth. This causes
an increase in the strength and number of micro cracks formed at increasing strain rates. The fracture
mechanism considered here is thermally activated and both increasing strain rate and decreasing
temperature increase the fracture strength of concrete [17-19]. A similar effect was also found in the
present study. Until about 8 m s, the main failure mechanism was the axial crack formation and
propagation, while circumferential cracks developed at and after 30 m s The specimen
pulverizations at the impact-end after a critical velocity seen in Figures 8(e) and (d) also agreed with
a previous study on AAC sample [11].

Furthermore, the cracks were observed to initiate at the impact-end and then propagated axially
normal to the circumferential tensile strain (Poisson’s expansion) at low strain rates. At increasing
strain rates, the cracks propagated normal to the axial loading direction (circumferential cracks). As
the radial inertia became more effective at increasing strain rates, the increased constraint effect
induced a complex deformation pattern accompanied with the stress wave reflections from the already
formed-crack surfaces, the cell walls and edges and also from the surfaces of the sample. The crack
bifurcation presumably resulted in fragmentation at the impact-end. The International Federation for
Structural Concrete (CEB) recommended two empirical equations to define the DIF of concrete
strength as [35]

. \1.026
DIF :ﬁ:[f—j é, <30s7 (9)
O-S gS
Oy . i/3 . -1
DIF =—=y¢, &, > 30s (10)
O-S
where, £, and &, are the dynamic and static strain rates. The value of &, is 3x10° s, y =10%"°"
and ,, _ 1 . Figure 11(c) shows the mean DIF values of the compressive strength as function

5495
10

of strain rate and the fitting parameters of Eqn. 9 and Eqn. 10. The value of a in Eqn.9 and y in Eqn.
10 is ~0.036 and ~0.33, respectively. The critical strain rate for the increased compressive strength
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is predicted 150 s in Figure 11(c). The dynamic compressive strength values are also fitted with

94 _ 7é4" , where n=0.13 and y=1.11, which results in a critical strain rate of ~18 s as shown in
(o2

S

Figure 11(c). This equation shows a better fit to the DIF than Egn. 10. Since the strain rate in
indentation tests cannot be determined, the mean DIF value of the quasi-static indentation tests is
shown as a dotted line in Figure 11(c). Assuming a full confinement state in the indentation tests, an
increase of 0.97 in the DIF is found between 2x103 and 1150 s (Figure 11(c)). The extrapolation of
the Eqn. 9 to 1150 st in the same strain rate interval gives an increase of 0.68 in the DIF. The addition
of both values (0.97 and 0.68) results in an increase of 1.65 in the DIF between 2x10~ and 1150 s,
which is the same as the experimentally determined increase in the DIF (1.65) in the same strain rate
interval as shown in Figure 11(c). From these results, the inertia and strain rate contributions to the
enhancement of DIF until 1150 s are determined about 60% and 40%, respectively. Linear fits to
mean DIF values of confined compression strengths also give the similar slopes with that of the
compressive strength in Region 1 as shown in Figure 11(c).

The critical strain rate for the passage to the 1D state of strain was shown to depend on the
diameters of test samples; larger diameters showed larger inertial effects; hence, lower critical strain
rates for the passage to the 1D state of strain [28]. The strength values measured in the present study
correspond to non-equilibrium tests at and above 10 m s*. Therefore, the strength values above this
velocity corresponded to the distal-end stress in the SHPB, while the impact-end stress might be larger
and can only be determined through the finite element simulations or measured by placing
impedance-matched quartz crystals at the impact-end of tested sample. This is left for future studies.
Also, the calculated contributions of strain rate and inertia to the strength should be carefully
approached as these ratios are both geometry and material dependent, hence cannot be generalized.

When modelling such brittle cellular materials against impact loading, the inertial effects should
be excluded from constitutive equation. In many occasions, the stress rise due to inertia is considered
as the material’s intrinsic response to increasing strain rates, an effect which is also seen in testing
ceramic materials. The results of this study emphasize this fact, besides following a scientific
curiosity on the strain rate sensitivity of brittle cellular structures.

Conclusions

The strain rate dependent compressive strength of an autoclaved aerated concrete with a density
of 600 kg m was experimentally investigated between quasi-static (2x10-3 s) and dynamic (~4150
s'1) strain rates. High strain rate equilibrium and direct impact non-equilibrium compression tests
were conducted in a compression Split Hopkinson Pressure Bar. Quasi-static and high strain rate
indentation and confinement compression tests were also implemented in order to clarify the effect
of confinement on the fracture strength. The experimental results showed two different regions of
compressive strength-dependency on the strain rate: a low-strain rate-dependent region from quasi-
static to ~18 s™* and a high-strain-rate dependent region from ~18 s to higher strain rates. In parallel
with this, the failure at quasi-static velocities occurred by the progression of a single axial crack
initiated at the bottom compression test plate. At increasing velocities; however, the extensive
cracking of the sample composing of both axial and circumferential cracks was detected, showing the
effect of inertia on the fracture behavior of the tested autoclaved aerated concrete. The mean confined
and indentation strength values also increased as the velocity increased and the mean confined
compression strength values were shown comparable with the dynamic compressive strength values
in the low-strain rate-dependent region. The contributions of the inertia and strain rate to the
enhancement of dynamic increase factor until about 1000 s were predicted about 60% and 40% for
the studied test sample and its geometry, respectively.
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