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An exploratory investigation was conducted into the feasibility of using Alternating Magnetic Field (AMF)
to enhance concrete compressive strength and to invent a new actuators system in smart structures.
Hence, some small-scale experiments were performed on cube fine aggregate concrete specimens,
wherein the effect of applying AMF of density 0.5 Tesla (T) and frequency 50 Hz to ready mixed and hard-
ened concrete on the compressive strength was examined. Besides, the role of the direction of AMF
applied to ready mixed concrete in changing its physical behavior was evaluated. For exposing the spec-
imens to AMF, a specialized magnetic circuit was designed. It was observed that applying AMF to fresh
concrete has a marginal effect on compressive strength. But, exposing hardened concrete enhanced the
compressive strength up to 7.78%. The advantage of this effect was discussed theoretically from different
aspects. It was found that this method can be a base for behavior controlling of large-scale smart concrete
structures in real time, through adjusting element stiffness by AMF. Finally, the feasibility of this method
for large-scale RC structures was explained, giving a graphical example.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Enhancing stability of concrete structures is a vital issue in
structural engineering having led to invention of different ways
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such as making structures smart against dynamic forces and
improving physical properties of concrete. To attain these goals
various methods such as using chemical admixtures and fine
aggregate materials known as nano-particles have been widely
investigated (for example [1]). Recently, profiting from electro-
magnetism has been widely used to improve concrete properties.

As to smart structures, electromagnetism has been used mostly
in structure performance monitoring [2,3|. Smart structures
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include some sensors and actuators systems comprising smart
materials such as Fiber Optics (FOs) [4-6], piezoelectrics [7-9],
Magneto-Rheological (MR) materials [10,11], Electro-Rheological
(ER) materials [12,13], Shape Memory Alloys (SMAs) [14,15]. The
performance of such structures depends on the utilized smart
material properties. This technology has been used for applications
such as damage detection, shape control [16,17], noise and acous-
tic control [18,19], health monitoring [20,21], vibration control
[22,23], and energy harvesting [24,25]. These techniques, however,
have their own shortcomings for example unsuccessfulness at
early stages of damage, difficulty in sensor installation, reduction
in load-bearing capacity of the element due to taking up too much
space in it, distinction between the load bearing system and the
sensors [26].

Regarding concrete properties improvement, a novel method is
magnetic treatment of concrete water. This method is based on the
effect of magnetic field on water properties explained by Lorenz in
1902 for the first time. When water is exposed to magnetic field,
the consolidation degree between water molecules decreases and
the size of the molecules increases [27], thereby changing some
of its physical and chemical characteristics such as viscosity, solu-
bility, temperature, specific weight, surface tension, electric con-
ductivity, PH, permeability pressure [28,29]. Most of studies in
this field have concluded that using magnetized water in concrete
fabrication increases the compressive strength by 10-25 percent
and also improves concrete workability [30-36]. This causes that
in some cases, with the same compressive strength and workabil-
ity, the cement content can be reduced. According to one of recent
studies, this reduction can fall to 28% [30]. In addition, using mag-
netic water in concrete makes it more resistant to freezing and per-
meating and increases its plasticity [31]. Magnitude of such
changes is controlled by some factors such as treatment duration
and the power of magnetic field. It is shown that if water is sub-
jected to a magnetic field of intensity 0.985 T for 24 h, the com-
pressive strength can increase up to 55% besides a slight increase
in workability [37].

Recently, the effect of applying magnetic field to ready mixed
concrete comprising carbonyl iron powder (as MR material [38])
on its fresh-state properties was studied. It was found that this
method changes the shear resistance of concrete but has no effect
on the compressive strength [39]. According to another recent
investigation dealing with the effect of static magnetic field of dif-
ferent powers up to 25.37 Gauss, (1 Gauss=10"%T), on cement
paste properties, at different ages up to 7 days of hardened cement
pastes samples, it was found that the amount of Calcium Silicate
Hydrate (CSH) gel is larger and its morphology becomes denser
and less porous with higher magnetostatic induction strength;
magnetic field changes the mineralogical composition of hydrated
cement pastes and enhances mechanical strength of cement pastes
where the maximum increase in compressive strength equal to
13% was observed as to the 7-day aged specimens having been
treated by magnetic field of strength 25.37 Gauss [40].

However, studies on the effect of directly applying magnetic
field to cementitious materials on their physical properties are
very scarce in technical literature. Moreover, the use of magnetic
fields for concrete containing smart materials is almost limited to
the effect of static magnetic field applied to fresh cementitious
materials on their fresh state properties. Up to the authors knowl-
edge, there have been no studies dealing with (a) the effect of
Alternating Magnetic Field (AMF) applied to ready mixed concrete,
(b) the effect of the direction of AMF applied to ready mixed con-
crete, (c) the effect of applying AMF to hardened concrete, on its
physical properties.

This study aims to uncover these facts and explore feasibility of
making a new generation of smart concrete structures using AMF,
performing some small-scale experiments on different fine aggre-

gate concrete specimens. The procedure is divided into two phases:
I) the fresh-state phase including the effect of exposing fresh con-
crete to AMF on the compressive strength; the role of the direction
of AMF applied to fresh concrete in hardened concrete behavior, II)
the hardened-state phase including the effect of applying AMF to
hardened concrete on the compressive strength.

2. Research significance

Different ways for promoting physical properties of concrete
have been widely dealt with. However, the authors believe that
the effect of directly applying magnetic field to concrete on its
mechanical properties as well as the use of magnetic fields in con-
trolling concrete structural behaviors in real time have not been
addressed. Hence, the present study is to deal with these issues
for the first time. The consequence of this exploratory investigation
can be used in real time behavior controlling of smart structures,
with financial and practical advantages over some existing meth-
ods like no need for actuators systems installation in concrete.

3. Experimental investigation
3.1. Materials

Throughout the investigation the AMF used was of frequency
50 Hz with a magnitude of 0.5 T. The cement used in all the spec-
imens was commercial ordinary portland cement the chemical and
physical properties of which are given in Table 1. The aggregates
used were air dried river sand of maximum particle size 2.36 mm
[0.093 in.]. To improve workability of specimens, all the samples
were prepared using superplasticizer with the same dosages. The
water mixed was tap water. To avoid from a high amount of mag-
netic leakage because of the high magnetic permeability of steel
materials; and for almost all of magnetic flux to pass through
molded fresh concrete, for all specimens plastic molds of thickness
3 mm [0.12 in.] were used.

3.2. Test program

Fifteen fine aggregate concrete specimens were examined for
compressive strength. The main variables in the test series include:
a) AMF exposure occasion, and b) AMF exposure direction. As to
variable (a), the specimens were divided into three types includ-
ing: Non-Magnetized (NM) specimens which were not exposed
to AMF, Pre-Magnetized (PrM) specimens which AMF was applied
to fresh concrete immediately after casting concrete into molds,
Post-Magnetized (PoM) specimens in which the specimen was
exposed to AMF after hardening, during the test. Variable (b) is
associated with the PrM specimens, depending on magnetizing
direction as explained in Table 2 and shown in Fig. 1.

Table 1
Physical and chemical properties of cement.

Compressive strength, 28 days, MPa 45

Specific surface, Blaine, m?/kg 300
Si0,, % 20.6
Al,03, % 5.6
Cao, % 63.0
MgO, % 2.7
SOs3, % 2.3
Na0, % 0.6
K>0, % 0.7
LOI, % 1.7
Fe,03, % 3.95

Note: 1 MPa = 145 psi; 1 m?/kg = 0.542 yd?/lb.
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Table 2

AMF exposure directions for PrM specimens.
Exposure Explanation
direction

(--<)

Compressive force and AMF were applied to the specimen in
the same directions (Fig. 1(a))

(=]<) Compressive force was applied to the specimen
perpendicular to the direction of AMF (Fig. 1(b))
(> +<) AMF was applied to the specimen in two perpendicular

directions and compressive force was applied perpendicular
to the magnetization plane (Fig. 1(c))

All specimens of the study are listed in Table 3. In the table,
specimens are labeled based on the aforementioned variables.
The first and second parts of the labels are associated with the vari-
ables (a) and (b), respectively. For example, the specimen labeled
PrM (- | +) stands for a Pre-Magnetized specimen that AMF is
applied to ready mixed concrete as (— | «).

3.3. The magnetic circuit employed: explanations and calculations

The used AMF generator machine consists of a solenoid made
up of a wire wound into a coil with a core of iron as a ferromagnetic
material, as shown in Fig. 2.

Consider the simple magnetic circuit shown in Fig.3(a). The
magnitude of the magnetic field known as magnetic flux density
is defined as:

¢
B=—=- 1
: (1)
where B, ¢, and A are the magnetic flux density in (T), the magnetic
flux in Weber (Wb), and the cross-sectional area of the circuit in
(m?), respectively. The Magneto Motive Force (MMF) which drives
magnetic flux through the circuit is defined as:

F=NI )

where F, N, and I are MMF measured in ampere-turn (At), the num-
ber of turns of the coil, and the electric current through the coil in
amperes (A), respectively. The magnetic reluctance of the circuit
is obtained as follows:

R= 3)

(a) (b)

b “‘-—“"‘-‘-—5. 3
TR R

where R is the magnetic reluctance of the circuit measured in
inverse henry (H™'). The reluctance of a magnetic element can be
calculated as:

l
R A 4)
where
l is the length of the element measured in (m).
U= U, 4, is the magnetic permeability of the material measured
in henries per meter (H.m™1),
1, is the relative permeability of the material which is dimen-
sionless, and p, is the permeability of free space which has
the value of 4w x 10~ Hm™.
A is the cross-sectional area of the element in (m?).

The Egs. (3) and (4) are used for Direct Current (DC) fields. In the
case of Alternating Current (AC) fields, the magnetic complex
reluctance is the case of interest. So these equations are replaced
by Egs. (5) and (6), respectively [41,42].

N Ny
== (5)
"o m
- ®)
TS
where

Z, is the magnetic complex reluctance.

N and N,, represent the amplitude of the MMF.

¢ and ¢, represent the amplitude of magnetic flux in the
circuit.

[, is the complex magnetic permeability.

S is the cross-section of the element.

Regardless of what kind of magnetic flux flowing through the
circuit, reluctance is directly proportional to the length of the cir-
cuit while inversely proportional to its cross-sectional area and
permeability [43].

For magnetizing of the concrete specimens, a magnetic circuit
with a gap was designed as shown in Fig. 3(b). The concrete spec-
imen was aimed to be put in the gap while magnetizing. In this
condition the cores of iron and concrete form a single circuit with

[~

VH‘(‘_i

(c)

Fig. 1. The direction of AMF applied to PrM specimens.
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Table 3
Total list of experimental specimens.

Specimen type AMF (Tesla) Number of specimens
NM 0 3
PrM (—» — ) 0.5 3
PrM (- | <) 0.5 3
PrM (- +«) 0.5 3
PoM 0.5 3
Coil Iron core

Fig. 2. The AMF generator machine.

two components connected in series. In this circuit the amount of
¢ remains the same throughout the circuit and is calculated as:

F
0% (7)
where Ry is the total reluctance of the circuit, calculated as [43]:
Rr =R +R. (8)

where R; and R, are the reluctances of iron and concrete elements,
respectively. In this study the number of wire turns and current
intensity are constant, thus F remains constant. So, according to
Eq. (7) the only possible way to prevent flux reduction is to keep
the total reluctance at the lowest possible amount. As an approxi-
mation, magnetic permeability of concrete zone can be assumed
equal to that of free space u,. The permeability of iron y; is very
high compared to p,. This causes R. become very large compared
to R;, resulting in a considerable reduction of magnetic flux. Accord-
ing to Eq. (4) and/or Eq. (6), the practical way to offset, to some
extent, this adverse effect regarding p, is to keep the length of
the concrete zone as small as possible. Hence, in order to enhance
the reliability of the results in the present study small concrete
specimens of size 50 x 50 x 50 mm [2 x 2 x 2 in.] were planned
to be exposed to AMF.

3.4. Specimens

All specimens were prepared according to the mix proportions
given in Table 4. For preparing the specimens, the Supelasticizer
was firstly dissolved in water. Then, cement and aggregates were
hand mixed at a low speed for 2 min. After that, the ready mixture
of water and superplasticizer was poured in and stirred at a low
speed for several min. And finally, the well-mixed concrete mix-
ture was poured into the molds. Immediately after that, the PrM
specimens were magnetized according to the predetermined mag-
netizing directions for 2 min as shown in Fig. 4. As can be seen, to
prevent the terminals of the AMF generator from touching and
shaking the molds during magnetization there were small dis-
tances between the molds and the two terminals. All specimens
were compacted with a steel bar of diameter 3 mm [0.12 in.].

For the PrM (— + <) specimens to be magnetized, the molds
were, continually every about two seconds, taken off the position
and turned by 90° and then were put in position. The specimens
were de-molded after 24 h and cured in water at about 20 °C
(68 °F].

3.5. Test procedure

After 28 days, the specimens were examined for compressive
strength as per ASTM C109 [44]. To make sure that AMF did not
affect the sensors of the testing machine during testing of PoM
specimens, a non-digital measuring machine was used for all
specimens.

As to assembling the test setup for PoM specimens, they were
put between two cylindrical steel pieces of diameter 70 mm
[2.7 in.], hence concentrating almost all of AMF through the speci-
mens, and minimizing magnetic leakage. In order for experimental
condition to remain identical, all specimens were put between

Concrete

Iron core

(a)

(b)

Fig. 3. a) a simple magnetic circuit, b) The gapped magnetic circuit of the study.
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Table 4
Mix proportions of the samples.

Water (kg/m?) Cement (kg/m?) Ww/C

Sand (kg/m?) Superplasticizer (lit/m?)

292.5 450 0.65

1700 20

Note: 0.4536 kg = 1 1b, 0.0254 m =1 in., 1 lit = 61.026 in.>.

il

P

T

Fig. 4. Magnetizing of PrM specimens.

these plates while testing. The test setup for PoM specimens is
shown in Fig. 5. For applying AMF, the terminals of AMF generator
were put in touch with the upper and lower platens of the measur-
ing machine. For testing each PoM specimen, AMF was applied
during the test until the specimen collapsed.

4. Results and discussion
4.1. Experimental results and discussion

While PrM specimens were exposed to AMF, small vibratory
movements were observed in fresh fine aggregate concrete in the

AMF

generator PoM

92

terminals

specimen

Cylindrical
steel pieces

molds. These movements may have arisen from the existence of
charged particles in the aggregates and/or cement.

The averaged results of compressive strength of specimens are
given in Table 5. Enhanced extent in the compressive strength
for all of them is illustrated in Fig. 6. Considering the results of
NM and PrM specimens it can be seen that the maximum differ-
ence in strength between them is around 1%. Thus, it seems that
magnetizing of ready mixed concrete has had a negligible effect
on concrete behavior.

The results of PoM specimens show that applying AMF to hard-
ened concrete has increased its compressive strength by 7.8%. It
seems that AMF has affected microstructure of hardened concrete,
making microscopic charged particles in concrete matrix orient in
the direction of AMF, enhancing its compressive strength. This
observation implies that magnetizing fresh concrete may have
affected its microstructure during exposure too, but thereafter in
the absence of AMF it may have got back into the former state. This
may be the reason why compressive strength of PrM specimens
was close to that of NM ones.

The effect of AMF on hardened concrete properties can be useful
in different aspects and utilized to control behavior of structures in
real time through employing magnetic fields when dynamic forces
occur.

4.2. Compression test results of PoM specimens: theoretical discussion

The results of PoM specimens can be discussed as to large-scale
concrete structures from different aspects of concrete building
code. Below, the effect of applying AMF to hardened concrete,
when strong forces occur, on some items such as minimum rein-
forcement ratio, elastic modulus, relation between stress and
strain, ductility, and nominal moment strength of concrete as per
ACI318-2014 [45] is dealt with. Note that all ACI formulae are
based on compressive strength of cylindrical concrete specimens,
but nevertheless using the strength results of cube specimens of
the present study for the following discussions makes no anomaly
or deviation for the overall results.

Fig. 5. The test setup for a PoM specimen.
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Table 5

Compressive test results of specimens.
Specimen label Compressive Standard Enhanced

strength (MPa) deviation (o) extent (%)

NM 20.6 0.18 0
PrM (— — «) 20.5 0.15 -0.48
PrM (- | <) 20.8 0.12 0.98
PrM (- + <) 20.8 0.06 0.98
PoM 222 0.26 7.77

Note: 1 MPa = 0.145 ksi.

20 T T

T T
—©— Specimens
151 — Base line ||

Rate of changes (%)

L . L ) .
PrM NM PrM Prm PoM
== =1 —+o

Specimen

Fig. 6. Enhanced extent in compressive strength of the specimens. (Note:
1 MPa = 0.145 ksi).

e Minimum reinforcement ratio

The minimum reinforcement ratio for designing of Reinforced
Concrete (RC) beams is calculated as [45]:

fe 14
Prmin = 4fy = ﬁ 9)

where f. and fy are, respectively, the concrete compressive strength
and the reinforcement yield strength in MPa. If f. > 31 MPa

(f. = 4.495 ksi), the term of ‘4/;;— is determinative. From the PoM

results, it can be said that by magnetizing RC beams made of con-
crete with f. > 31 MPa (f. > 4.495ksi), when strong dynamic
forces occur, the cube strength (f,,), and as a result, f. increases
by 7.77%. Therefore, according to Eq. (9) p.;, can be considered
about 3.8% less than usual.

e Concrete stress-strain relation

A lot of models have been proposed by several researchers to
show stress-strain relation of concrete, among which the one pro-
posed by Hognestad [46] is one of the most commonly used mod-
els as shown in Fig. 7.

In this model, the part of the diagram until the parabola peak is
assumed to be a second order parabola where the stress is obtained
according to Eq. (10), and the falling branch is linear, which is cal-
culated from Eq. (11).

fo=f, [2?—— (i—)} (10)
rfros(ed)

where & is ultimate strain of concrete and &, is the strain at fc',
which is calculated as:

0857 | 4 i

Strain

Fig. 7. Stress-strain curve of concrete introduced by Hognestad [46].

o _ 18,

(=F (12)

where E. is the elastic modulus of concrete. For a concrete with a
specific weight of w,, E. is calculated as (a) or (b) [45]:

(a) For values of w, between 14.1 and 25.1 KN/m> (between 90
and 160 Ib/ft3)

E. = 44w!3.\/f. (in MPa) (13)
(b) For normal-weight concrete
E = 4730\/f“’6 (in MPa) (14)

(Note: 1 MPa = 145 psi).

If using AMF to hardened concrete causes f. to change into of?,
E. and ¢, change, respectively, into v/aE. and \/a&.. So, the relation
between stress and strain in the presence of AMF is obtained, mod-
ifying the Eq. (10), as follows:

n:m;[ig\}&(ﬁz)z] (15)

According to Eq. (15), if « > 1, the compressive stress needed to
reach a specific strain is higher in the presence of AMF than in the
absence of it.

According to the results of PoM specimens the amount of o is
about 1.078. The Hognestad stress-strain diagrams when AMF =0
and 0.5 T (related to the NM and PoM specimens, respectively)
are shown in Fig. 8(a). Where ¢, for AMF=0 T is assumed to be
0.002, and f. for each case is considered, approximately, equal to
its cube strength given in Table 5.

Imagine that a concrete structure with a smart controlling sys-
tem is designed, so that when strain in a specific concrete element
reaches, for example, 0.7¢. at point (A) shown in Fig. 8(b), it is sub-
jected to AMF. If AMF suddenly increases from 0 to 0.5 T, it is the-
oretically expected the diagram continues from (A) to (B). But, in
fact this is impossible, because of the cracks appeared in concrete
as well as its plastic behavior. So, in this condition, the diagram
continues from (A) to (B’), which despite increase in stress there
is no or a slight increase in strain. This implies that modulus of
elasticity and consequently, stiffness of concrete is very large in
this part. If AMF gradually increases until it reaches 0.5 T, the dia-
gram would continue from A to a point like (B”). After AMF is fixed
at 0.5 T, the diagram continues until concrete collapses at (D).

e RC beam ductility
According to the results of previous studies, it can be said that

any effort to enhance concrete strength yields an increase in RC
member ductility [47-49]. So using AMF in some critical regions
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Fig. 8. a) The Hognestad stress-strain diagrams when AMF is 0 and 0.5 T, b) The
effect of applying AMF to hardened concrete from ¢. = 0.7¢. onwards, on concrete
structure behavior. (Note: 1 MPa = 0.145 ksi).

of smart structures such as beam column joints subjected to cyclic
loads will be helpful.

e Nominal moment strength

The nominal moment strength of a rectangular RC beam is cal-
culated using Eq. (16).

M, = pf,bd* {1~ 0.59pf—{ (16)
fe
where
p = tension reinforcement ratio.
b = width of beam.
d = effective depth of beam.
Solenoid

When AMF is applied to concrete, f. is changed, approximately,
into 1.078f. So, the nominal moment strength of beam increases
and is obtained as follows:

M, = pf ,bd* (1 - 0.547pf¥> (17)

fe

4.3. Feasibility of this method for large-scale RC structures

It seems using this technique in large-scale RC members practi-
cally is feasible thanks to presence of steel reinforcement. As stated
earlier, magnetic reluctance of iron is very low compared to free
space or concrete itself. So, some special reinforcing bars can be
chosen to form gapped magnetic circuits and to carry the applied
AMF to the locations of interest, while acting as reinforcement.
The example schematically shown in Fig. 9 clarifies the idea more
easily. Since these bars can have a dual function (AMF carrying and
reinforcing), the building cost of this generation of smart structures
is not so high. Note that the major issue about these structures is to
keep the magnetic leakage as low as possible.

Using this method makes it possible to take control of displace-
ment and failure mode of concrete structures under cyclic loads,
i.e. switching AMF on with load applied in one direction, and
switching it off when the load is in the opposite one. Hence, the
stiffness for the opposite directions are different, changing the hys-
teresis loop of the element into a non-symmetrical one and making
the element to deform in the desired direction.

5. Conclusions

Based on the results of this exploratory investigation under the
effect of AMF of frequency 50 Hz and power 0.5 T on compressive
properties of concrete, the following conclusions are drawn:

1. Applying AMF to ready mixed concrete has a marginal effect on
the compressive.

2. Exposing hardened concrete to AMF increases its compressive
strength up to 7.77%.

3. The results concerning with the effect of applying AMF to hard-
ened concrete can lead to developing a new method to take
control of behavior of large-scale concrete buildings in real

Free space

RN T g I

=N\

Control system

Location of
interest

_I\,__

Fig. 9. A smart RC element comprising gapped magnetic circuits.
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time, through adjusting stiffness and ductility of some special
structural elements, using AMF when strong dynamic forces
occur.

4. There are some advantages in using this technique for smart
concrete structures over some existing methods such as: not
being too expensive, no need for actuator embedding in con-
crete, remove of worries about element load-bearing capacity
reduction due to actuator installation.
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