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Abstract: The present study deals with the non-destructive evaluation of concrete properties using electrical
and ultrasonic methods. The objective of the study was to characterize the early age behavior of fresh concrete
by the measurement of electrical properties and fiber distribution in hardened concrete by the application of
a combination of ultrasonic method and AC impedance spectroscopy. Distribution and orientation of fibers in
concrete has a profound effect on the hardened mechanical properties. AC impedance spectroscopy (AC-IS) is
a useful tool to characterize bulk changes in the electrical properties of materials; thus, its application to fiber
reinforced concrete is only natural. In this study, the impedance characteristics of fiber reinforced self-
compacting concrete and normal concrete were measured using an impedance analyzer. Beam specimens
were used to create a condition of one-directional flow of concrete during casting. The impedance response
was measured in the direction of pouring concrete, in the direction of flow and in the orthogonal direction.
The results from the response were presented in terms of the normalized matrix conductivity, the fractional
function, the equivalent single fiber representation, and the dispersion factor.

The reduction of specimen width in the orthogonal direction led to the increase in alignment in the pouring
direction. Similar trends were observed for self-compacting and normal fiber reinforced concrete. The
ultrasonic method was not found to be sensitive enough at low fiber volume fractions (below 1%) to detect
significant changes in the amplitude of signals in the direction of flow. The results of impedance spectroscopy
were corroborated by the evidence from image analysis and manual counting, which indicated a higher
orientation number in the direction of flow. Furthermore, the load carrying capacity and deformability of the
composite was also found to be higher in the direction of flow.

Early age properties of cement mortars were studied by evaluating the resistance and capacitance response
(represented in the results in the form of conductivity and dielectric constant, respectively) of the composite.
A simple methodology for the detection of initial and final setting was proposed based on the trends in the
variation of conductivity and dielectric constant with time, and the results from this method were within 15
min of the actual setting times determined using a penetrometer. The retardation of the reaction by the use of
a retarder or fly ash, as well as the acceleration by the use of an accelerator, was clearly observed from the
variation of the electrical properties. The two separate studies effectively brought out the potential of
electrical measurement of properties of cement based materials.

Introduction:

Concrete is the most widely used construction material in world. A number of concrete structures built over the
years are in various stages of deterioration. It is essential to inspect and analyse the quality of these structures to
decide about their remaining service life, and also to arrive at suitable repair measures. Non-destructive evaluation
(NDE) is thus necessary. However, apart from studying deterioration in concrete structures, NDE can also serve as
a useful research tool (Punurai, (2006)). In fact, the use of NDE in research studies helps improve its application to
the study of real structures. In this project, two innovative uses of NDE are demonstrated - one for studying the
distribution of fibres in fibre reinforced self-compacting concrete, and the other for determining the early age
characteristics of concrete, primarily setting and strength gain.
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OBJECTIVE AND SCOPE:

The objective of the study is to characterise the setting behaviour of fresh concrete by electrical method and fibre
distribution in hardened concrete by the application of a combination of ultrasonic and electrical methods.

The scope of the study is as follows:

a) Electrical response of the concrete (resistivity and capacitance) was measured in the fresh state to determine
the early age properties. The influence of hydration and presence of mineral and chemical admixtures was also
studied from the electrical

properties.

b) The steel fibre orientation in concrete, subjected to different consolidation methods (self-compacting and
vibrated), with different fibre volumes and different mould sizes, was studied using a combination of AC
impedance spectroscopy (AC-IS) and ultrasonic methods. Image analysis of the tested concrete sections was used
to check the validity of the results from the non-destructive tests.

METHODOLOGY

a. A review of the available literature on the use of ultrasonic pulse velocity and electrical methods in concrete
studies was performed. Particular emphasis was given or studying early age properties of concrete and fibre
distribution in concrete using these techniques.

b. Trials were conducted with LCR meter (which measures L - inductance, C - capacitance, and R - resistance) to
develop suitable moulds for testing the hydration properties of concrete.

c. Mortar mixtures incorporating different admixtures were prepared in laboratory after necessary trials; these
were tested for early age properties using the LCR meter.

d. Steel fibre reinforced self-compacting concrete mixtures were prepared with different dosages of fibres. At
one fibre dosage, a normally vibrated concrete was also prepared.

e. Beam specimens prepared using the above mixtures were tested in the direction of flow and in orthogonal
directions, using both ultrasonic pulse velocity and electrical impedance methods for evaluating the steel fibre
distribution pattern.

f. A comparative analysis of the ultrasonic and electrical methods with respect to the study on fibre distribution
was performed.

NEEDS FOR RESEARCH

The available literature indicates that a number of gaps in understanding exist with respect to the use of electrical
and ultrasonic techniques for concrete studies. Further research is necessary in the following areas:

» Linking the change in electrical properties of concrete with the hydration processes taking place in the cement
paste system.

Evaluating the influence of chemical admixtures on the setting and hydration process using electrical
methods.

Evolving a simple procedure to define the setting time from electrical results.

Determining the fibre orientation in beam specimens of fibre reinforced self-compacting concrete using AC
impedance spectroscopy

Applying ultrasonic pulse technique to study fibre orientation.

Correlating ultrasonic and electrical impedance techniques for studying fibre orientation.

VV VY

Y VY
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Chemical composition of cement, fly ash and silica fume

No. | Compound Cement Fly ash Silica fume
1 510, (%) 19.50 61.60 82.16
2 Fea0s (%) 6.06 4.62 4.09
3 AlOs (%) 4.12 30.08 2.60
4 Ca0 (%) 60.81 1.75 2.34
5 Mz=0 (%) 152 (6% max) | 0.18 0.1
6 | NaO (%) 0.05 076 2.58
7 K0 (%) 028 0.36 4.20
B S0s (%) 748 (2.5% max) | 0.19 0.75
9 Total Loss on Ignition (%) 341 (4% max) | 0.60 119
10 | Ratio of % of lime fo the % of | 0.93 (0.80-1.02)
silica, alumina and Iron oxide
11 Ratio of % of alumina to that of | 0.68 (0.66 min)
Iron oxide
Physical characteristics of cement
Charactenstics 53 Grade Cement
Fineness: ;
Specific Surface (m™~/kg) 316
Soundness:
1. Le chatelier (mm) 20
2. Autoclave (%) 0.2
Setting Time:
1. Inutial Set (nun) 99
2. Final Set (nun) 184
Standard Consistency (w/c) 0.33
Compressive Strength After
a)3 davs (MPa) a) 40.1
b) 28 days (MPa) b) 743

Mix details and properties of concrete for fibre distribution studies

Note:

No. | Typeof | W/P | Cement | Flvash | Fibre Sp VMA | Shump | T30
concrete content | comfent | comtent | conmtent | (wt %) | Flow/ | (sec)
(Kg/m’) | Eg/m™) | (vol. %) | (wt. %) Shump
()
1 | FR3CC | 0.33 400 180 1 2% 0.02 600 6
2 | FRSCC | 033 400 180 0.5 1.5% 0.02 630 5
3 | FRSCC | 033 400 180 025 1% 0.02 640 4
4 scc 0.33 400 180 0 1% 0.02 700 3
5 FRC 0.33 400 180 025 0.5% 200
6 NCC 0.33 400 180 0 0.25% 200
Details of specimens cast for fibre distribution studies
No. | Typeof | Fibre Specimen Sizes
concrete | content
(vol. %)
Beam Beam Cube
150%1 50x750mm” 100%150x750mm’ 150mm’

1 | FRSCC 1 v v

2 | ERSCC 0.5 v v

3 | ERSCC 025 v * (FRSCC D) v

4 sSCC 0 v v

5 FRC 025 v

[ NCC 0 v v

FRSCC = Self compacting fibre reinforced concrete

SCC = Self compacting concrete
FRC = Fibre reinforced concrete
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NCC = Normally compacted concrete

FRSCC D = Self compacting fibre reinforced concrete with beam size 100x 150 x750mm

Mix details and properties of mortar for early age stndies
W/P | Powder - | Mix notation and Chemical Flow
Sand mineral admixtore admixture type | {mm)
dosage (%0 and dosage (%o by
replacement of mass of cement)
cement by mass)
0.4 1-2 Reference X 145
(without admixture)
FA (30%) — with 130
30% Fly ash
SF (10%) — 10% 135
Silica fume
ME (10%2) - 10% 130
Metakaolin
ACC (2%0) Accelerator (2%) 140
RE (1%a) Retarder (1%3) 240

FIBRE DISTRIBUTION STUDIES

FIBRE DISTRIBUTION STUDIES BY AC-IMPEDANCE

SPECTROSCOPY

In order to study the different fibre dispersion phenomena, the “intrinsic conductivity” approach was used. In
composite systems with small amounts of conductive fibres (dilute regime), at low frequencies, the fibres behave
as insulating materials and do not affect the measured composite resistance; thus, only the matrix resistance is
measured, which is denoted as RDC. However, at high frequencies, when the fibres start conducting, the resistance
of the composite decreases dramatically - this resistance is denoted as Rcusp. This phenomenon can be observed
from Figure. which is a typical Nyquist plot obtained experimentally for self-compacting fibre reinforced concrete.
From this figure it can be observed that with increase in the frequency, the composite resistance RDC (which is the
resistance when fibres are inert) decreases to Rasp (Which is the resistance when fibres start conducting). The
orientation of fibres in concrete can be assessed by normalizing the composite resistance with matrix resistance
and by correlating it with fibre volume fraction. This approach is called intrinsic conductivity approach.
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Typical Nyquist plot obtained experimentally for FRSCC with fibre volume
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fraction of 1% at section 2 mn X, Y and Z direction

% FRSCC and SFRC represent same concrete
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The following equation gives the governing equation for the intrinsic conductivity

R, oy
=P —1+[o], e A=—L
o

O R.u..p - . (1)
Where o = composite conductivity, om = matrix conductivity,
Rpc= Resistance at the low frequency cusp,
Reusp = Resistance at the high frequency cusp,
[o]a= intrinsic conductivity,

Nommalzed matnx coaduetviry (N M C) a2 dufferent secticas :n X, Y and Z

direction

No Type of Fibre Secton Secuce 3 Sectwou 4

comcrete | volume o Duwection | Directice Druection
fnctoa [x Y z X Y z X Y F3

1%

1 FRSCC 1 4484 .32 175 478 | 264 166 168 9 1.5
3 | FRSCC 05 311 | 211 | 110 [ 301 [ 204 | 13 | 201 | 194 | 1.42
3 | FRSCC 02s [1sT 175|116 |18 |15 | 13 182 162 [ 133
3 FRC O IR [Tl [T [ Te 18Tl 1o | Tes [T
5 | FRSCCD | 025 | 206 | 1.42 | 110 | 3.05 | 134 | 1.25 | 200 | 128 | 135

@ = volume fraction of fibres, and
A = ratio of fibre conductivity (of) to matrix conductivity (om); co for highly conducting particles.

Normalized matrix conductivity (N M C)
Fractional function representation

Fractional function method is one of the forms of representing the fibre orientation in the matrix. This
representation was developed by Woo (2005); this method shows how much fibres are contributing to increased
conductivity when compared to plain matrix in each direction. Therefore, it represents the relative amount of
fibres orientated in a particular direction.

The Equation (i) can be rewritten as shown in Equation (ii)

= _1=R”'

T R.m_.,

-1=f =[cl. ¢ =F (geometry.¢)

Equation (ii) is known as the f-function
The effective f-function in each direction is calculated using Equation (iii)
o ‘R o |

— —1=|‘R 1= f=[gl.,#;i=xy.=

' ----(iii)
To get the number of fibres oriented in each direction, the effective f-function in each direction is normalized by

the total sum of the three f-functions, which gives fractional function in each direction, as shown in Equations (iv)
and (v):

F m

(=
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2 frlol. ¢+l ,é+[cl.¢.

fl - [J]"-:
>.f [ole.Hol  Hol..
=y --(iv)& (v)

d=xr.

Fibee representation usng fractional foncton st differemt sections o X Y
and Z dueection

No Type of Fitre Sechon 2 Section 3 Section 4
- . . ~
concrele :“""“" Direcnon | Derection | Du=ctica
fractio =TT e e y—r
% | X|Y[Z|X|X[Z|X]| ¥ |2

1 FRSCC 1 0521028 |020[053]|]020|018]057| 028 | 015
2 FRSCC Qs 048 | 033|019 042|032 ]021 ] 047 031 023
3 FRSCC 023 040 | 035 (023 /1039|035 /026039 | 034 |02
4 FRSCCD 025 03410 |05 oyt ] 028 3 027 08
3 FRC 025 0411035 [025 [ 040 ] 034 034 | 025

Single equivalent fibre representation

Orientation of fibres can also be represented using a single equivalent fibre representation. This type of
representation provides the angle that a single fibre would make to the three axes to reproduce the electrical
response of the composite that is being measured (Woo (2005)). The fractional function in each direction gives the
angle that the fibre makes with each axis, namely,« , ,y which is angles that the single fibre makes to the X, Y and Z
axes, respectively. The orientation of the single equivalent fibre is shown schematically in Figure.

f

N |
o:; ]

/

X

Schematic showing the angles a single fibre makes to the three axes

The relationship between fractional f~functions and the measured angles is given as shown in Equation

Fibre representation using single equivalent representation at different sections in X, Y and Z direction

No. | Typeof Fibre Section 2 Section 3 Section 4
conerete | volume Angles Angles Angles
fraction
(%)

@ | P Y o B ¥ o P ¥
1 FRSCC 1 44 | 58 64 43 57 64 1 58 67
2 FRSCC 0.5 46 54 64 46 35 63 47 56 61
3 FRSCC 025 50 53 60 51 34 59 51 54 38
4 FRSCCD 025 43 57 60 43 38 59 49 58 57
3 FRC 0.25 50 54 61 50 34 60 50 54 39
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Dispersion factor (D F)

Another parameter which can be detected using

& DM -

— =—=1 :
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fl—m;cr S =cos” S .—cns ¥
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electrical impedance technique is fibre dispersion. There may be local aggregation of fibres due to clumping, which
may affect the mechanical properties of the specimen. The dispersion of fibres and presence of clumping can be
determined from impedance spectroscopy based on the dispersion factor approach developed by Woo et al
(2005). This approach compares the response of a composite system without clumping to a composite system with
clumping. Equations shows response of the system without clumping and response of the system with clumping
respectively.

By rearranging the Equations the dispersion factor can be arrived at as shown in Equation.

EA 1
1 | 1 B
DE =M ! mearared =£+ E [ﬂ-]-‘g rrﬁ i
ol P [o].¢
| — -1 |
1
I_ 5 L 'II:l:H:I-l'_'. _I
Dispersion factor values for different concretes
No. Type of concrete Fib?'e volume Dispersion factor
fraction (%)
1 FRSCC 1 0.83
2 FRSCC 05 0.88
3 FRSCC 0.25 0.96
4 FRC 0.25 0.93
3 FRSCCD 0.25 0.87
ULTRASONIC METHOD

the typical amplitude versus frequency response of the ultrasonic signal (obtained from a Fast Fourier transform of
the original ultrasonic time domain signal) for the SFRC with 1% fibre volume fraction (along with SCC without
fibres). While there is no change in the frequency at the peak amplitude, the values of the peak amplitude are found
to be highest in the X direction, indicating a possible preferential alignment in that direction. Even in the Y and Z
directions, the amplitudes are higher than for the plain SCC, clearly showing the influence of fibres. The same trend
seen in the figure for Section 3 was observed in the other sections also for 1% fibre volume fractions. A summary of
the ultrasonic results is presented in Table 4.5. It can be clearly seen that when the fibre volume fraction is lower
than 0.5 and 0.25%, the difference in amplitudes in the three directions becomes insignificant. Thus, it can be
concluded that the ultrasonic method is unsuitable (or rather insensitive) for low fibre volume fractions.
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Vanation of ultrazonic amplitude 31 different sectioes m X. Y and Z

direction
No Type of Fibee Amplaude(V)
courete | vobome [ S| Secend | Secued
1';:‘.’" X[ Y[ Z | X[ X[z X[~y 2
1| FRSCC ] 67 | 91|20 363 350287 516|311 ] 280
FRSCC 0s 3090 | 262 | 286 | 333 | 320|300 300 | 280 270
3 | FRSCC 0.25 180 | 200 ([ 170)] 160|170 | 170 170 | 160 180
4 FRC 0.25 190 | 180 | 190 | 180 | 200 | 170| 170 | 180 18.0

IMAGE ANALYSIS AND MANUAL COUNTING

The cut sections from the cube specimens were observed visually and analyzed using image analysis and manual
counting, in order to validate the results of the nondestructive measurements. Figure(a) shows a schematic
diagram indicating the saw cut made along the beam for image analysis and (b) shows a schematic diagram
indicating the orientation of fibres.

|

Y
* 150mal 150mm | 150mm! 150mm | 150mm |
(a) Saw cuts made along the beam for image analysis and manual

counting

. s
~ = .

(b) Schematic diagram of Fibre orientation
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Fibre density values for different concretes

No. | Typeof | Fibre Fibre density Fibre density Fibre density
concrete | volum (fibres/cm”) (fibres/cm™) (fibres/cm”)
e Section-2 Section-3 Section -4
fractio ZY XY ZY XY Y XY
o(%) | plane | plane | plan | plane plane | plane
1 FRSCC 1 223 039 | 233 0.60 234 0.62
2 FRSCC . 119 115 | 118 045 04 0.49
3 FRSCC 025 0.69 027 | 0.66 024 064 0.22
4 | FRSCCD | 025 0.66 026 | 071 0.29 070 0.28
5 FRC 025 0.71 029 | 067 0.26 063 025
Degree of orientation for different concretes
MNo. | Type of Fibre volume fraction Degree of orientation
conerete (*a) Section- 2 Section- 3 | Section- 4
1 FRSCC 1 0.69 0.68 0.68
2 FRSCC 0.5 0.56 0.59 0.6
3 FRSCC 025 0.55 0.51 0.6
4 FRSCCD 023 053 054 0.35
5 FRC 023 053 053 0.35

COMPRESSIVE STRENGTH

The compressive strengths at 28 days for the five concrete mixtures are presented in Table. No significant
differences are seen between the different concretes (strength ranges from 50 to 54 MPa), indicating that there is
negligible effect of fibres on the compressive strength (Shah and Balaguru, 1992).

Compressive strength values of different concretes

No. Type of Fibre volume fraction Compressive strength (MPa)
concrete (%) At 28 days of curing
1 FRSCC 1 34
2 FRSCC 0.5 33
3 FRSCC 0.25 50
4 FRC 025 51
5 sCC - 50
[3 NCC - 51

FLEXURAL TESTS
Peak loads and CMOD for different concretes
MNo. | Type of conerete | Fibre volume | Maximmm CMOD
fraction (%a) peak load(N) (mm)
X Z X Zz
1 FRSCC 1 1730 | 1648 517 0.93
2 FRSCC 0.5 1549 | 1451 3.86 0.60
3 FRSCC 025 1373 1226 1581 0.51
4 FRSCCD 0.25 1275 1324 1.73 0.30
5 FRC 025 1380 | 1315 1.74 0.30

EARLY AGE STUDIES ON CEMENT MORTARS

In this work the Electrical conductivity method has been used for studying the hydration characteristics. Aspects
studied include:
a. The change in the capacitance and conductivity of the mixture during early hydration, especially at setting
time.
b. The influence of frequency of applied voltage on both capacitance and conductance.
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C.

Effect of chemical and mineral admixtures on hydration characteristics, and development of compressive
strength.

HYDRATION BEHAVIOUR AT EARLY AGES

Setting times using electrical and penetrometer test

No | Mix Setting time using Electrical Setting time using
method Penetrometer method
Initial setting Final Initial Final
time (mun) setting time | setting tune | setting time

(min) (min) (min)
1 Eeference 235 370 240 350
X

2 SF (10%) 195 320 185 305

3 ME (10%) 195 290 180 280

4 FA (30%) 310 435 300 420

5 ACC (2%) 180 270 175 260

6 RE (1%) NA NA 720 200

Note —NA indicates that the setting points could not be determined

CONCLUSIONS AND SCOPE FOR FURTHER RESEARCH

FIBRE ORIENTATION STUDIES

Studies on fibre distribution using AC-IS revealed that the composite resistance significantly varied in X
(direction of flow), Y (direction perpendicular to the

flow) and Z (pouring direction) directions. The orientation of fibres was observed to be preferentially in the
X direction and in X-Y plane. The evidence for this statement is provided in the form of higher normalized
matrix conductivity, greater value of f-function, and smaller angle (< 550) made by the single equivalent
fibre in the X direction.

When the specimen dimension was reduced in the Y direction, the orientation of fibres in the Z direction
increased compared to the Y direction. Fibre dispersion studies showed that with decrease in volume
fraction of fibres, the dispersion factor increased. There was nearly 15% increase in dispersion factor for
the concrete with 0.25% fibre volume fraction when compared to 1% fibre volume fraction. Fibre
dispersion was not significantly different for high slump vibrated concrete and SCC (difference in
dispersion factor was less than 5%).

The ultrasonic method was found not to be as effective as AC-IS for fibre orientation studies, although at
high volume fraction of fibres (1%), it showed good correlation with electrical impedance in the direction
of flow, i.e. in X direction.

¢ Image analysis results showed that the orientation number was highest in the X direction, thus corroborating

the results of the AC-IS studies regarding the preferential orientation of the fibres in the X direction.
Furthermore, the higher loads and deformation capacity of specimens along the X direction adds further
evidence to the preferential orientation.

FRESH STATE PROPERTIES

A new methodology was proposed for the determination of setting time from the variation in electrical
properties of the cement mortars monitored over the first 24 hours. The setting times determined using
this methodology was within 15 min of the actual setting times found from the electrometer test.

The effect of the frequency of the applied electric field on the conductivity was negligible at frequencies
above 10 kHz. However, at the lower frequency of 1 kHz there was some effect of electrode polarization.
The capacitance (dielectric constant) of the system, on the other hand, was greatly affected by the
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frequency of the applied field; there was about three orders of magnitude decrease in the dielectric
constant, when the frequency of the applied field was changed from 1 kHz to 100 kHz.

e The measurement of electrical properties was also able to characterize the alteration in cement paste
hydration due to changes in composition (use of mineral and chemical admixtures). While the use of
accelerator led to a rapid development of resistively of the mortar, the change in resistively at the early
stages when retarded was used was negligible. In the case of mineral admixtures, the use of silica fume and
met kaolin did not change the pattern of drop in conductivity, while the use of fly ash clearly showed a
retardation of the drop in conductivity.

e At initial set time the dielectric constant value of the met kaolin mix was nearly 2 orders of magnitude
higher than the silica fume, fly ash and reference mixes. This may be due to fact that the surface area of the
hydration products may be more compared to the other mixes.

o The pattern of increase of resistively did not exactly match with the pattern of increase of compressive
strength of the mortars, indicating that those two parameters did not exactly depend on the same set of
factors. While the compressive strength is mainly dependent on the capillary porosity, the resistively is also
dependent on the pore connectivity and degree of saturation.

SCOPE FOR FUTURE STUDIES

The use of non-destructive techniques for studying concrete properties is a vast field of study. The research study
presented in this thesis attempted to evaluate fresh and hardened state properties using a combination of electrical
and ultrasonic methods.

While sufficient evidence of the phenomena under observation was obtained from the results of the study, there
are many other possible areas of research that need further exploration. Some of the prominent aspects are
outlined below.

¢ Study of the effect of fibre aspect ratio and shape on fibre orientation.

¢ Study of fibre orientation in two-dimensional flow conditions (such as in slabs).

o Development of more sensitive signal processing techniques for studying the fibre orientation at lower fibre
volume fraction using ultrasonic method.

e Correlating the development of electrical properties with the development of hydration products in the cement
paste, and also with the evolution of heat upon hydration of the cement paste.

e Quantifying the effects of the pozzolanic reaction using measurements of electrical properties.

e Determination of capillary porosity and degree of saturation using electrical property measurements.
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