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Compressive behavior of concrete under high strain rates
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Abstract.

The dynamic compressive behavior of concrete after freezing and thawing tests are investigated by using the split

Hopkinson pressure bar (SHPB) technique. The stress-strain curves of concrete under dynamic loading are measured and
analyzed. The setting numbers of freeze-thaw cycles are 0, 25, 50, and 75 cycles. Test results show that the dynamic strength
decreases and peak strain increases with the increasing of freeze-thaw cycles. Based on the Weibull distribution model, statistical
damage constitutive model for dynamic stress-strain response of concrete after freeze-thaw cycles was proposed. At last, the
fragmentation test of concrete subjected to dynamic loading and freeze-thaw cycles is carried out using sieving statistics. The
distributions of the fragment sizes are analyzed based on fractal theory. The fractal dimensions of concrete increase with the
increasing of both freeze-thaw cycle and strain rate. The relations among the fractal dimension, strain rates and freeze-thawing

cycles are developed.
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1. Introduction

Concrete pavements represent a large portion of the
transportation infrastructure. Whereas many of these
pavements provide excellent long-term performance, a
portion of these pavements have recently shown premature
joint deterioration (Li et al. 2012). During field inspections
it has been observed that where the joints are damaged the
sealant is damaged and the joint contained standing water.
Research is needed to better understand how this standing
water lead to freeze-thaw damage (Li et al. 2012).

Concrete subjected to repeated freeze-thaw cycles may
deteriorate rapidly, or it may remain in service for many
years without showing signs of distress (Lai et al. 2009, Lai
et al. 2008, Safiuddin et al. 2014). Failure of the material
may take the form of loss of strength, crumbling, or some
combination of the two (Sun et al. 1999, Yun and Wu 2011,
Shang et al. 2015). Concrete in a wet environment-in bridge
piers, for example, pavement near oceans, wharves, and
offshore structures, is especially vulnerable to freeze-thaw
cycles (Choi and Yun 2014, Li et al. 2012).
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Previous researches have been carried out on the
durability of concrete with regard to the chemical aspects of
concrete durability, resistance to freezing and thawing, and
corrosion of reinforcing steel (Sun et al. 2002, Jiang et al.
2014, Tanyildizi 2017, Richard et al. 2016). Investigations
on the effect of freezing and thawing on properties of
concrete have focused on relative dynamic modulus,
volume change, compressive strength, capillary absorption,
and porosity of concrete (Richardson and Cusher 2015,
AiTcin 2003, Lu et al. 2016). However, very little
information is available on the freeze-thaw effect on
dynamic mechanical properties of concrete (Chen and Qiao
2015).

When concrete is loaded dynamically, it has higher
compressive and tensile strengths than that is loaded
statically. Both tensile and compressive strengths of
concrete increase with the strain rate and a critical strain
rate exists beyond which large increases in strength occur
(Xiao et al. 2015, Zhang et al. 2014, Daghash et al. 2016).
Experimental data comes from tests performed on a variety
of specimen sizes and by different techniques (OZbolt et al.
2014, Lim et al. 2016). Different methods have been used
to deliver the dynamic strength, the predominant of which is
the split-Hopkinson pressure bar (SHPB) techniques (Chen
et al. 2014, Tian et al. 2016). By using the SHPB technique,
the impact behaviors of recycled aggregate concrete have
been studied by Li et al. (2016, 2017).

Compressive behavior of plain concrete subjected to
dynamic loading after various numbers of freeze-thaw
cycles is investigated by using split Hopkinson pressure bar.
The dynamic mechanical behavior of concrete was
examined in terms of stress-strain curves, dynamic
compressive strength and elastic modulus. In addition, a
statistical damage constitutive model for compressive
behavior of concrete after freeze-thaw tests was proposed.
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Table 1 Mix proportion for concrete

Concrete composition Proportion (kg/m?)

Water 180
Cement 380

Sand 668

Coarse aggregate 1089
Fly ash 94

Superplasticizer 4.75

Water to binder ratio 0.38

2. Experimental program
2.1 Specimen preparation

Cylindrical concrete specimens are tested in this
experiment. The used cementitious material is ordinary 42.5
Portland cement and grade | fly ash according to Chinese
standard. The river sand with a continuous grading from 0.4
to 2.5 mm is used. The coarse aggregate is crushed gravel
with a maximum size of 10 mm. To obtain good flowability
of the fresh mixture, 1.0 % mass fraction of polycarboxylate
superplasticizer is added. The proportions of the mixture are
shown in Table 1. The specimens are fabricated in polyvinyl
chloride (PVC) molds.

The forms were removed after casting for 48 hours.
Then, the specimens are cured in saturated calcium
hydroxide solution for 180 days. Specimens are carefully
cut at two ends by double-knife cut machine. For dynamic
compressive testing, the specimens cylinders with the
diameter of 74 mm and the height of 500 mm. The 16
cylindrical specimens with the diameter of 74 mm and the
height of 148 mm are prepared for static compressive test.
The average static compressive strength is 22.21 MPa.

2.2 Test procedures for freezing and thawing

The tests on concrete specimens are in accordance with
ASTM C666 (2015). A single freeze-thaw cabinet was
designed containing sixteen specimens was used. Seven
freezing and thawing cycles on concrete specimens were
cycled per day. A fundamental transverse frequency (FTF)
of concrete was tested in accordance with ASTM C215
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(2014) after each interval of nominally twenty-five freezing
and thawing cycles and the surface-dried specimens were
weighed. A spectrum analyzer equipped with transducers
and a multi-counter was used to excite the specimens to
vibrate, scan the frequency range of the vibrational response
of the specimens and resolve the primary peak frequencies.
Length change measurements were not taken since the
aggregate were batched in the air-dry condition and
meaningful expansion data were not anticipated. The values
of the static compression strength after freeze-thaw cycles
of 25, 50 and 100 are 18.55MPa, 14.53 MPa and 7.21 MPa,
respectively.

2.3 Split Hopkinson pressure bar (SHPB) testing

The split Hopkinson pressure bar equipment at Hohai
University’s Cement and Concrete Research Lab features an
input and output bar, each 3200mm and 1800mm long and
74mm in diameter, as shown in Fig. 1. They are made of
1045S steel, which carries a minimum strength of 630 MPa
and a yield stress of 530 MPa. The striker bar is 37 mm in
diameter and 600 mm in length. The striker is fired using
compressed nitrogen gas. Both the input bar and output bar
have two strain gages attached at mid-span. Detailed
description for the SHPB testing of concrete specimens
have been reviewed by Chen et al. (2013, 2014, 2015). The
schematic diagram of the SHPB test setup is shown in Fig. 1.

3. Experimental results and discussion
3.1 Relative dynamic modulus (RDM) and mass loss

With the increasing of freeze-thaw cycles, the damage
on the specimen can be observed. First, the originally
smooth surface gradually became rough and fine aggregate
was exposed. Portion of the surface peeled off from the skin
until the entire specimen surface crisped off. Finally the
coarse aggregate was exposed and some angularity fell. In
the uniaxial compression test, along with the progress of the
test, the specimen had undergone the stages of elastic
deformation, cracks appearance, cracks development and
destruction. The broken specimen was sectioned and it was
found that the destruction was distributed inside the cement
and along the transition zone between cement paste and
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Fig. 1 The schematic diagram of the SHPB test setup
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Fig. 2 The relationship between RDM (Relative Dynamic
Modulus) and the freeze-thaw cycles

aggregate. The coarse aggregate itself was not destroyed.

With the increase of freeze-thaw cycles the weight loss
ratio and the loss ratio of the relative dynamic elastic
modulus are increased. This phenomenon characterizes the
development process of internal concrete structure damage
deterioration. When the number of freeze-thaw cycles N=0,
25, 50, 100, the values of relative dynamic elastic modulus
loss and mass loss are shown in Figs. 2 and 3.
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Fig. 3 The relationship between mass loss and the freeze-
thaw cycles

As shown in Fig. 2, when the number of freeze-thaw
cycles is less than 50, the mass loss of concrete increases
slightly with the increasing of freeze-thaw cycles. This is
because the cement mortar at the specimen surface crisped
off slightly and the internal cracks did not develop. When
the freeze-thaw cycles are in the range of 50 to 100, the
growth of the mass loss is small and the mass loss versus
cycles curve is more stable. This can be ascribed to the
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Fig. 4 The failure of specimen under different impact velocity: (a) V=0 m/s; (b) V=8.52 m/s; (c) V=11.52 m/s; (d)

V=13.56 m/s
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Fig. 5 The comparison between predicted and tested
dynamic stress-strain relationships: (a) V=8.52 m/s; (b)
V=11.52 m/s; (c) V=13.56 m/s

volume increasing in concrete caused by peeling off of the
specimen surface and the absorbed water in internal micro
cracks with the increasing of freeze-thaw cycles. Both of
the two reasons interacted and thereby the curve shows
relatively stable.

As shown in Fig. 3, when the freeze-thaw cycles are
small, the relative dynamic elastic modulus of the concrete
reduces very slowly and without noticeable damage. With

Table 2 The peak strain and compressive strength of
concrete under different freeze-thaw cycles and impact
velocities

Impact velocity Freeze-thaw  The peak Compressive strength

(m/s) cycles strain (MPa)
0 0.001257 30.4013
8.52 25 0.001983 25.1901
' 50 0.002891 20.8834
100 0.003387 10.5357
0 0.002057 54.8932
25 0.002319 44.6125

11.52
50 0.003197 35.5471
100 0.003781 17.0407
0 0.002483 67.583
25 0.003301 56.358

13.56
50 0.003403 42.585
100 0.003735 21.9315

the increasing of freeze-thaw cycles, the relative dynamic
modulus downward trend is outstanding.

Also with the increase of the freeze-thaw cycles, the
internal damage of concrete specimen is larger, so the axial
compressive strength decreases with increasing of the
freeze-thaw cycles.

3.2 The result of dynamic SHPB test

Fig. 4 shows the failure of specimen with different
impact velocities and the cycles of freeze-thaw. With the
increasing of the impact velocity and the numbers of freeze-
thaw cycle, the failure of specimen is obvious.

When the peak strain of concrete is determined, the
stress-strain curve of concrete before peak load can be
obtained, as shown in Fig. 5. In Table 2, it can be found that
the peak stress increased with the increasing of impact
velocity while decreased with the increasing of the freeze-
thaw cycles. The peak strain increased with the increasing
of impact velocity and the freeze-thaw cycles.

3.3 Statistical damage model for concrete

The strength of concrete after freeze-thaw cycles
decrease with the increasing of the freeze-thaw cycles. The
reason can be attributed to the irreversible expansion of
internal microcracks during freeze-thaw cycles, which leads
to the irreversible superposition of damage and the decrease
of the strength and durability. Here, the damage of concrete
in freezing and thawing process can be written as

D, =0.006783N )

where Dy is the concrete cumulative damage during
freezing and thawing process with value of 0 to 1. When the
freeze-thaw cycles is zero, the value of Dy is zero. N is the
number of freeze-thaw cycles.

The static compressive strength of the concrete after
freeze-thaw cycles can be expressed as (Liu and Wang
2012)
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o, =0,,01-D,) )

where o is the static compressive strength of the concrete
after freeze-thaw, o, is the compressive strength of
concrete before freeze-thaw.

For material like-concrete, the total deformation can be
divided into the elastic deformation and the plastic
deformation based on the classical elasto-plastic theory

E=¢g+¢, 3

where ¢, &, and ¢, are total deformation, elastic
deformation, and plastic deformation, respectively.

According to the iso-thermal, if the elastic strain is
independent of strain hardening, then the Helmholtz free
potential energy ¥ can be expressed by the following
formula

T(E,DO):l//e(ge,DO)‘i‘l//p(ﬂ,Sp) 4

where v, is elastic part of the Helmholtz free potential
energy, y, is plastic part of the Helmholtz free potential
energy, Dy is the internal variable of damage, 7 is the
internal variable of ductility.

In the above formula, y. can be expanded by the
following formula

l//e(ge’DO):%(l_Do)Egez (5)

According to the second law of thermodynamics, the
damage evolution and plastic deformation accumulation in
concrete are irreversible. So the following Clausius-Duheim
inequality can be satisfied

oc—y =0 (6)

According to the Egs. (3), (5) and (6), the following
formula can be derived

a e
azé?za—DQE@—%) )

e

Thus, the Eq. (7) is elasto-plastic damage constitutive
model. When D, equal to 0, the plastic deformation follows
the law of plastic mechanics and the constitutive model
above is converted into the linear elastic model. When ¢,
equal to 0, the Eq. (7) can be converted into the following
formula

o =(1-D,)Ee ®)

The above equation is the classical damage model
(Mazars and Pijaudier-Cabot 1989).The damage generated
by exterior load is defined as Dy, the rate of micro-unit
damage ¢ can be written as the following formula

D
= 4(e) ©
&

Here Weibull model is used to describe the damage
evolution of concrete

4(&) =aﬂ[8ai) epo%ﬂ (10)

where a, y and m are the scale parameter, location parameter
and shape parameter, respectively.
The following formula can be obtained by integrating

the Eq. (9)
D1 =1_exp|:_(ﬂjm:| (11)
(24

Here, Eq. (9) needs to satisfy the following four

boundary conditions: (1) =0, ¢=0; (2) &=0, (;—Gz E; @3
£

d . .
e=¢;, o=0¢, (4) e=¢, d—G=O, where ¢ is the peak strain
£

and o is peak stress.
Following Eq. (12) can be obtained after differential of

Eq. (8)

do=d[(1-D,)E¢]=Ed {exp{_(é‘—}/jm}g} (12)
a

Thus

m-1 m m
M:E{—m(g_yj exp{—(wj }exp{—((g_q }}
de a\ «a a a

(13)
The boundary condition (3) is substituted in Egs. (8) and

(11), then
|n£=(€°_yj (14)

E’ a

where E’ is peak secant modulus. The value equals to o./ec.
So the scale parameter expression can be obtained

1

(2]

The boundary condition (4) is substituted in Eq. (13),
Eqg. (16) can be obtained as following

el e (57
+exp{—('§°;7 H}:o (16)

The positions of terms are changed, then the Eq. (17)
can be got as following

] o (5] o (2]

Both sides of Eq. (17) are divided by the non-zero term

m m-1
| (2] 2T o

Eq. (14) is substituted in Eq. (18)
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for concrete after

freeze-thaw cycles can be expressed by the following

equation
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Ecexp

the split Hopkinson pressure bar was used to
generate the impact load and the strain gauges on the

Ec(l-D,)

o

Thus, according to Egs. (8), (11), (15) and (20), the

Then the shape parameter expression can be obtained

In this test,
gauges were also destroyed. Therefore, only the ascending

the strength of concrete, the specimen was failure and strain
branch of stress-strain curve was obtained.

Fig. 6 The relationship between the parameter m, strain rate
specimen were used to determine the strain of concrete
specimen. When the impact load on the specimen reached

and the freeze-thaw damage

dynamic damage constitutive model

214
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3
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In the ascending branch, the following conditions are
satisfied: e<¢, and y=0 (Wang et al. 2008). So Eq. (21) can

be simplified as following
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The comparison of predicted and experimental results is
shown in Fig. 5. Fig. 7 shows the relationship among peak

N
stress, strain rate and the number of freeze-thaw cycles. Fig.

8.625-0.9941D° —3.426l0

m

where the value of m is related with strain rate & and

freezing-thawing damage Dy, as shown in Fig. 6. This

relation can be formally written as
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4. Fractal characteristics of concrete under high
strain rates

Fractal refers to the self-correlation shown by matters
(Issa et al. 2003). For example, the local and the whole of
the matter are similar, and there will be a fractal dimension.
Fractal initially was used to study math problems and later
extended to various areas (Pia and Sanna 2013). Most of the
fractal things in nature are self-affine and random. Although
they are not self-similar absolutely, they are similar
statistically. For now, the fractal is also widely used in the
research field of microstructure and macro mechanical
properties of concrete (Yang and Wang 2015, Jin et al.
2013, Hu et al. 2015). In this paper, concrete fragments
from each test were collected and screened through sieves
with 0.075 mm, 0.15 mm, 0.3 mm, 0.6 mm, 1.2 mm, 2.5
mm, 5.0 mm and 10.0 mm aperture. Then each group
fragments were weighed. There are two very typical
distributions on the study of fragments, which are R-R
(Rosin-Rammler) distribution and G-G-S (Gate-Gaudin-
Schuhmann) distribution. The formula of R-R distribution is
written as following (Zhou et al. 2006)

y=1-exp[(r/r)] (24)

where ry is feature size and a is distributed parameter.
The formula of G-G-S distribution is written as
following

y=(r/r)"° (25)
where r, is the maximum size and b is a regression
coefficient.

If high order terms are ignored, the same calculation
result can be got, by comparing Egs. (24) and (25), thus

m(r) — (L)b
M r

m

(26)

where, m(r) is the percentage of fragments through the
aperture r, M is the total weight of fragments.
According to Eqg. (26), the following can be obtained

dmoc r®dr (27)

The following formula can be obtained by the relation
between slag diameter and weight

dm oc r¥dN (28)

The following formula can be obtained according to the
definition of fractal

_InN(F)
" Inr

D (29)

where r is diameter, F is slag, N is the times of slag
determined by r. Thus
Nocr™® (30)
dN ocr °dr (31)
Through Egs. (27)-(31)
D=3-b (32)

T

Fractal dimensions

Fig. 10 The relationship between the fractal dimensions,
impact velocity and freeze-thaw cycles

So the effect of impact velocity and number of freeze-
thaw cycles on fractal dimension of concrete slag can be
obtained, as shown in Fig. 10. It can be found that fractal
dimension increases with the increasing of freeze-thaw
cycles and impact velocity.

5. Conclusions

In this paper, dynamic compression tests on concrete
specimens after various freeze-thaw cycles were conducted
by using the split Hopkinson pressure bar (SHPB). The
following conclusions can be drawn according to analysis
of experimental results:

« With the increase of freeze-thaw cycles the weight loss
ratio and the loss ratio of the relative dynamic elastic
modulus are increased. When the number of freeze-thaw
cycles is less than 50, the mass loss of concrete
increases slightly with the increasing of freeze-thaw
cycles. When the freeze-thaw cycles are in the range of
50 to 100, the growth of the mass loss is small and the
mass loss versus cycles curve is more stable.
» The rate-sensitivity of concrete after freezing and
thawing is obvious. The dynamic compressive strength
of concrete increases with the strain rate. The dynamic
strength decreases and the peak strain increases with the
increasing of freeze-thaw cycles.
» Based on the Weibull distribution model, statistical
damage constitutive model for dynamic stress-strain
response of concrete after freeze-thaw cycles was
proposed. This model can well predict the stress and
strain of concrete under high strain rates. The shape
parameter decreases with the increasing of freeze-thaw
cycles and strain rate.

» The fractal dimension of concrete fragments under

different impact velocities and various freeze-thaw

cycles was obtained. The fractal dimensions of concrete
increase with the increasing of both freeze-thaw cycle
and strain rate.
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