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Abstract

Objectives: Determination of the degree of saturation and chloride penetration in cracked hydraulic concrete structures.
Methods: Depending on Electrical Conductivity (EC) principle, developed method called Electrical Conductivity Technique
(ECT), was submitted for purposes of evaluating and calculating the accurate degree of saturation and amount of chloride
penetration in mentioned structures. Many experimental specimens were used for test this method and compered with
numerical result. Findings: The experimental results were obtained by using this new test, agreed fairly with results
which obtained from numerical solutions. So the developed ECT is the more suitable method for determining the degree of
saturation and penetration of chloride ions in the laboratory. Application/Improvement: This research ensures a novel
application for the use of the electrical conductivity principles to find the chloride concentrations in the concrete model
with a very precise manner, which contributes to better understanding of the penetration processes in terms of salts or
saturation within the concrete structures.
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1. Introduction

Concrete is one of the most widely material that used in
hydraulic structures for the purpose of controlling the
water resources. With properly design and produce, it
is an extremely durable material with a service life up to
100 years. However, under certain environmental con-
ditions the service life of reinforced concrete structures
is more limited® 2. Seawater represents one of the most
severe natural environments in the world that contains
some aggressive agents that are very harmful to concrete
materials. For different reasons, concrete structures are
frequently cracked, the presence of cracks in those struc-
tures play an important catalyzer role of diminution of
service life of steel bars and producing loss of structural
strength, stability and durability?.

*Author for correspondence

Electromagnetic techniques are sensitive to these
aggressive agents and can be used to assess concrete dura-
bility in terms of the degree of saturation and presence of
chloride ions into concrete body. One of the most popu-
lar techniques is the Electrical Conductivity (EC) of test
specimens. There are many test procedures have been
developed to determine the EC of the concrete specimens.
They are reviewed in various publications such as**. Two-
plate configurations are often used in the laboratory where
specimens are of uniform geometry”2, whereas four-point
surface techniques such as the Wenner technique'® are
popular for in situ applicationst 5.

All these methods give an indication of concretes
resistance to the chloride ion penetration. However, the
information provide by these tests are limited and also
they can’t determine the exact distribution of the chloride
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penetration because it works on external inspection of the
concrete. The problem is particularly most common for
calculating the accurate depth of the chloride distribution
into concrete structures. So this study aims to develop a
method to locate the chloride ions penetration experimen-
tally and compared these results with numerically results.

The laboratory experimental aims to study the
influence of cracks on the chloride penetration of con-
crete specimens with (250 x 250 x 250) mm dimensions
and with artificial crack. The specimens were pre-cracked,
using a shim copper plate to create cracks in the Middle
dimension of specimens, with a dimensions (1 and 2)
mm as crack widths and (6 and 10) cm as crack depth.
Therefore, the chloride distribution profile was monitored
by using a developed ECT at 0 hour and after 312 hours
(13 days) of exposure to 2 m as water head coupled with
3.5% NaCl to simulate the typical marine environment of
seawater'c.

Numerical results were obtained using a developed
two dimensional model with finite element analysis
(Comsol Multiphysics Software), by simulating chloride
penetration depth in cracked concrete considering the
real microstructure including cement paste, voids and
aggregates.

Comparisons between the results on chloride
penetration concluded that the numerical ones obtained,
using the mass diffusion and convection modulus
with Darcy’s law, conformable with the experimental
ones which analyzed as 2D-colour images with Matlab
Software.

2. Experimental Program

2.1 Chloride Ion Transport

Chloride transport in concrete is a complex process,
involving mechanisms such as diffusion, convection, cap-
illary suction or by any combination of these, flow with
flowing water, accompanied by physical and chemical
binding".

The governing mechanisms of transport in Hydraulic
Concrete Structures depend on the exposure conditions
and transport mechanisms embodiment in water-retain-
ing structures because of a water pressure which applied,
by water head, on apparent face of it structures. Since this
study studies the ingress of chloride ions in submerged
cracked concrete structures, so that the most important
and often governing transport processes, in these fully or
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semi-fully water saturated structures, are convection and
diffusion’®.

Under saturated conditions, as submerged members
of concrete structures which are exposed to a marine
environment, water flow is driven by a pressure gradi-
ent according to Darcy’s law. Darcy’s Law can also be
expressed in terms of pressure head with the relation of
pressure p to the total hydraulic head H or the pressure
head H :

H=H +D (1)

Where: H: hydrostatic head, Hp: pressure head and D:
elevation head.

2.2 Concrete Composition

Based on the standard specifications and conforming to
ASTM C595, most of the concrete structures exposed to
the marine environment must be used blended cement,
low water/binder ratio, upper than 5% of silica fume and
high value of compressive strength, as an appropriate con-
crete mixture®2, so that depending on the recommended
raw materials characterization and concrete mixture fea-
tures, the concrete mixture utilized in all experimental
specimens are report in Table 1:

The concrete samples were cast as:

» Four cracked cubic specimens (250 x 250 x 250) mm.
« Eight cubic samples (75 x 75 x 50) mm, for calibration
of the EC.

All these samples were done with a same mixture and
as reported in Table 1. After 24 hours of covered samples
with polyethylene sheets to prevent moisture loss from

Table 1. Mixing proportion of concrete materials and
concrete properties (adopted from??)

Cement (kg/m?) 450
Silica fume (kg/m?) 32
Fine aggregate (kg/m?) 1232
Coarse aggregate (kg/m?) 410
Water (kg/m?) 169
Super plasticizer (kg/m?) 7
Water/binder ratio (%) 35
Slump (cm) 10-12
28-day compressive strength (MPa) 50
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the concrete, then they were named and submerged in a
filled water basin in the curing room with a temperature
23 +2C° and RH > 90% for 28 days.

2.3 Probe Preparation
2.3.1 Probes type

A smoothly surface brass probes, to ensure
close touch between the probes and concrete
specimens” 2%, were used and developed to find
the least disturbance of chloride penetration in
the concrete specimens. According to simplest EC
waves of the two-probe configuration as shown in
Figure 1, so 12 x 13 probes, grid map covered an
area of 525 cm? around the crack, were inserted
and selected as data points to acquire the best
resolution of the chloride penetration in concrete
specimens.

2.3.2 Probes length, diameter and spacing

In the current study, a 255 mm probe length was selected
as short enough lengths to fit on most concrete specimens
are shown in Figure 2. The probe was carefully chosen
with diameter d = 2.5 mm, spacing D = 20 mm to sat-
isfy the mapping of the probes matrix within the cubic
concrete specimens.

2.3.3 Probes installation

In order to gain the exact profile of chloride location, the
probes were embedded from the side surface of the speci-
mens; therefore a timber probe holder was intended to
keep the probes parallel to each other and vertical to the
surface of concrete specimen (Figure 3a and b). The edges
of those holes were made with chamfers which enabled
the probes to effortlessly go through.

2.4 Creation of Cracks

Concrete specimens were cast with two levels of crack
depth and width. Cracks were created by molding con-
crete with a thin copper plate (shims) installed at the
center of the mold. Before casting the concrete mixture,
shims, with a (250 x 60 and 250 x 100) mm cross section
and thicknesses of 1 mm and 2 mm, were linked to the
side surface of the mold, as presented in Figure (4a), in
order to make the cracks. Through 24 hours curing the
plate was dragged out totally.
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Figure 1. Electrical field lines generated by probe

configuration.

\l

2.5 Coating and Finishing

Figure 2. Rod probes.

Following 28 days of putting in the curing basin, the
specimens were painted with epoxy, except the finish
surface (crack side), which permitted one dimensional
transport of chloride solute inherent concrete specimen
and was more illustrative of numerous field hydraulic
structures.

Before application, all specimens were cleaned by
an air compressor blower to remove any dust or debris.
Three layers of painting were applied to the specimens to
ensure the fill of all open pores in the concrete surfaces
(Figure 4b and c). Care was taken to keep the epoxy from
filling the cracks.

2.6 Environmental Treatment

Water pressure are applied with head of 2 meter and
coupled with 3.5% chloride-sodium, to find the chloride
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Figure 4. Preparation of specimens (a) Creation of crack (b) Coating with epoxy (c) Final-finished of specimens.

penetration depth into the concrete specimens through
uncoated faces over time (312 hrs).

2.7 Electrical Conductivity Test (ECT)
2.7.1 General

The EC of concrete has been the focal point of numerous

the conductivity of any material is defined as inverted the
value of the resistance between the faces corresponding to
the cube unit of the material, where their results focused
that the EC inherent material properties.
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In an attempt to facilitate testing of the chloride
penetration in concrete, the ECT was developed
by an accurate unique test. The developed ECT was
designed, through the implantation of a group of
sensitive probes in the concrete specimen and with
appropriate dimensions, so that the quantity and loca-
tion of the chloride penetration into the concrete is
found as it actually exists. To eliminate the imbalance
in the creation of readings, there are many laws that
have been relied upon, of which what is available while
others have been developed and adopted in this new
sophisticate way.
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Ohms law states that the resistance of any material is
defined as:

R=VI" (2)

Where: R: resistance of material, (ohms); V: applied
voltage, (volt) and I: passed current, (amber).
The resistivity of any material is defined as®:

pElec.:RIAD71 (3)

Where:  Prec:  resistivity of material, (Q-m); A:
cross-sectional area, (m?) and D: specimen length (dis-
tance between two electrodes), (m), so that the resistivity
is defined as the resistance of the interior concrete area
between each two probes. And as expressed by the new
formula:

Pp.. =RAD™ =R(L * d)D" (4)

Where: A: interior concrete cross-sectional area between
two probes, (m?); d diameter of probe, (m); L: length of
probe, (m) and D: distance between two probes.

The EC of a porous material is determined as the
mutuality of resistivity?”2:

GElec. :pElecil (5)

Where: 05, : is the EC of the materials (Siemens/m).

Conductivity being a fundamental property of the
material, whereas it is depends upon the shape and size
of material.

There are two main types of tests that can be done to
determine a concrete resistivity value, involving either a
Direct Current (DC) or an Alternating Current (AC)*> 2.
Direct current resistivity can be measured by applying a
voltage between two probes with the concrete sandwiched
between them.

The use of a DC voltage results in polarization of the
electrolyte and the formation of hydrogen and oxygen gas
at the measuring electrodes® 2. This polarization poten-
tial opposes the flow and manifests itself in the form of a
reduced current for a given applied voltage, V,

R=(V-V,)I" (6)
Where: V; is the polarization potential.

If it is assumed that this polarizing effect is constant at
different applied voltages, this effect can be accounted for
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by taking current measurements at two different applied
voltages. The polarization potential is given by equation
(7) and as mentioned by=.

-1
V. =V.I,-V,I,(I,-1,) (7)

Where: V and V, are the two applied voltages, I, and I,
are the corresponding currents.

2.7.2 Test setup

The ECT used direct current-voltage, to characterize
the effect of saturation on the chloride penetration, to
measure the EC (Equation 5) of the concrete specimens.
Conductivity technique consists of a power supply instru-
ment, an electrical multi-meter and tester cables were
connected with each other and with stainless probes
which embedded in concrete test specimens are shown
Figure 5. The EC was measured from the probes grid as
each two vertical neighboring probes formed probe pair,
which gave 11 x 12 data point.

2.7.3 Electrical conductivity calibration

Eight calibration samples, (75 x 75 x 50) mm, were casted
and cured for 28 days. Following that, twelve times of
drying were conducted. Each time, the specimens were
placed into a 105C° drying oven for 2 hours; the final dry-
ing was conducted for 24 hours are shown in Figure 6a.
After each drying step, the samples were removed from
the oven, wiped, weighted, and then returned to oven dry-
ing; finally (after 24 hrs.) the electrical conductivities of all
samples were registered. After that, they conditioned in
the controlled room and were submerged, wrapped, and
sealed in plastic bags, contain a series of NaCl solutions
with concentration 0.0%, 0.5%, 1.0%, 1.5%, 2.0%, 2.5%,
3.0% and 3.5% by weight of water is shown in Figure 6b,

!

Figure 5. Developed ECT instrument.
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and kept for three months respectively. The time allowed
for the water to equalize conservative; it was decided
based on ASTM D2216-10%2 where a much larger cylinder
samples were used.

Each sample had a number of distributed probes with
L =55 mm, D = 2.5 mm, d = 20 mm. For each water
level, the water contents of the samples were measured by
weights and the EC (calibration data) were read at differ-
ent locations of the samples. However, the developed ECT
depending on values data that taken from the calibration
samples, geometric constants of the probe configuration
used in the ECT test were not taken into account.

3. Experimental Results

3.1 Calibration of Developed ECT

In order to decrease the mistake of EC polarization, two
different Voltages (V) were applied to each specimen and
the current (I) corresponding to each voltage was mea-
sured. The polarization potential was calculated for each
set of measurements using equation (7). Once the polar-
ization potential was known, the resistance was obtained
using equation (6). The use of higher voltage levels was
avoided since the higher voltage produces heat during
measurement that could change the saturation of the
specimens. It was noticed that the voltage levels (5.0V and
2.5V) were all above the level of polarization potential
drop, which is typically ~ 1.8 V.

3.2 Chloride Content and Electrical
Conductivity Relation

After the 28 days of the eight samples curing, the
electrical conductivities, of each sample, were measured.
Water contents (w) of samples, according its weight,
were recorded during the oven drying steps are shown in
Figure 7, and after that the electrical conductivities were
measured for all samples. After 90 days of the immersing
these samples in the series of chloride solutions and as
mentioned earlier. Currents, of the seven steps of EC tests,
were made for every 15 days, then collected and con-
verted to electrical conductivities by using equation (5).
For each sample, twenty-four readings were made from
twenty-four pairs of probes formed by sixteen probes in
each sample. Considering the penetration of solutions
into the samples during this test, almost two readings
near the sample center were not taken into account. For
each sample, the results did not show an uneven reading
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of EC values; therefore, the average value was taken for
each sample and test shown in Figure 8.

As seen from the Figure 8, at given water content,
samples soaked in fresh water have a lower EC than a
sample soaked in salty water. For samples soaked in salt
solutions of different concentrations, the o-w curves were
drawn together. This fact suggests that the EC results
measured by this developed Technique are very sensi-
tive to chloride concentrations in the concrete Medias.
From the Ec values of the samples, it can notice the chlo-
ride concentration of solution did not fully absorbed in

(@) (b

Figure 6. Calibration of samples (a): Oven drying.
(b): sealed.
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Figure 7. Oven drying and water content change of
calibration samples.
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Figure 8. Relationship between chloride contents and
electrical conductivities.
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samples due to the porous nature of concrete samples.
Mathematical analysis of these values was done and the
concentrations were converted to corresponding values.

For samples soaked in salt solutions of different
concentrations, the o-w curves weave together. This fact
suggests that the EC results measured by this developed
technique are very sensitive to chloride concentrations in
the concrete Medias.

As seen in the same Figure 8, at the end of all tests,
there are semi-straight line at the end of each curve,
these facts given an indication for the fully saturated
samples for every concentration series; therefore these
values installed as a true value for each chloride ratio
(Table 2).

From the EC values of the samples which presented
in the Table 2, we can notice that sample No. 8 who
immersed in concentration 3.5% of Nacl solution, has
an EC (0.5 S/m) of 2.5% saline solution concentration
(0.49 S/m) in addition to the EC of the dried concrete
(0.01 S/m), and thus to the rest of the values. This fact
attributed to that chloride concentration of solution did
not fully absorbe in samples due to the porous nature of
concrete samples. Mathematical analysis of these val-
ues was done and the concentrations were converted to
corresponding values.

For the seven reading data of each sample, a calibration
equation was suggested for these results with 0.9963 linear
regression value, and as shown Figure 9.

So that the relationship between chloride content (%)
and EC (S/m) is can be gotten by the following calibration
equation:

C,=53236 EC-0.1735 (8)

X

Where: C : typical concentration inside specimens.

Therefore, in this project, the EC measurement is
a chief used as a supplementary data for the measure-
ment of the chloride contents change inside concrete
specimens.

3.3 Change of Chloride Penetration in
Specimens

After 28 days of concrete curing, in addition to the 3 hours
of coating with epoxy, the concrete specimens can be con-
sidered saturated or semi-saturated with water and this
is considered as simulation to prototype HCS. The speci-
mens were exposed to 3.5% chloride solution and under
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Table 2. Spacemen’s details and the electrical
conductivity values

Av.EC

NacCl of saline Sample’s Av. EC of
concentration solution number samples
(%) (S/m) (No.) (S/m)
&2;:‘;)(”10 0.041 1 0.050
0.5% 0.207 2 0.087
1.0 % 0.278 3 0.160
1.5% 0.342 4 0.230
2.0 % 0.415 5 0.300
2.5% 0.490 6 0.375
3.0% 0.558 7 0.440
3.5% 0.615 8 0.500

h |

25 /!/5
R 2 -
R y=5.3236x-0.1735
g R?=0.9963
£ 15 ,
£ g
o
3 1
5
<
U 05

0

0 0.1 02 03 0.4 05

Electrical conductivity S/m
Figure 9. Electrical conductivity verse chloride contents.

required water (solute) head. The chloride content was
tested with the developed ECT after coated with epoxy and
after 312 hrs. Following the steps described in section 2.7.2.
As shown in the Figure 10, the round solid marks indicate
the location where probes were inserted. Every two verti-
cal neighboring probes were employed as a two-rod probe
pair to send and receive signals by a cable taster connected
with conductivity meter. The surrounding lines show the
signal distribution and the “x” marks represent the loca-
tion, for which the chloride content was recorded. It was
assumed that the chloride content at locations marked as
“x” location was equal to the averaged chloride content for
the signal covered area. The matrix of currents data were
collected and then converted to EC then to chloride con-
tent through the calibration equation 8. The distribution of
chloride content in the probed area was presented by color
scaled 2D images imported from Matlab software. Among
the 282 data points, linear interpolations were employed by
Matlab Software to improve the data visualization.

Indian Journal of Science and Technology I 7 -



Determination of the Degree of Saturation and Chloride Penetration in Cracked Hydraulic Concrete Structures: Using

Developed Electrical Conductivity Technique

4. Numerical Simulation

The finite element method was used to numerically
solve the penetration equation (1). For the numerical
simulation, the COMSOL Multiphysics software was
used to investigate the chloride penetration in con-
crete specimens. COMSOL software utilizes Transport
of Diluted Species (TDS) to compute the concentration
field of convection dilutes solute in a porous material.
Numerical solutions of the problem are based on the
compressible flow physics solved by Darcy equations for
conservation momentum and continuity equation of con-
servation mass. For a higher coupled flow the non-steady
(time-dependent) analyses have been used.

The 2D numerical model was set according to the
cracked wall specimens used in the experimental test
for purposes of comparison with the model. It consists
of specimens with square domain (0.25 m and 0.25 m in
width and depth, respectively) representing the concrete
wall with a varied crack size at mid of the specimens.

Determining the appropriate grid domain along with
a suitable mesh cell size is a critical part of any numeri-
cal model simulation. In COMSOL, grid generation is the
most user-friendly tools to obtain the accurate solution. If
good quality of mesh is generated, one can obtain realistic
results from the numerical models. The mesh statistics of
all models were meshed into 6776-7226 triangular ele-
ments; the number of boundary elements was between
364 and 412.

Figure 11 shows the boundary condition that applied
to solve the mathematical equations governs chloride
solute penetration into concrete structures. In the model

HelfexexeXeXexe
X X X X X X =
HexeXexexe|oexexexexexe e Probe location
x| % x x x % X

5 exexexexe i
M@ @3 e e | @8 x  Datalocation

X X X X M _ X X
exXeXeXexeXw||[oXoxoXeXoXe
H X X ® X X X X
exexeXexexe | exexeXexnene

SHOX OO OO OX ®X SO OO
25 ¥ OX X X X x X X X X X X
exXexXeXexexoeneXexeexexe
X X X X X ¥ X X X X X X
exexexexexexexexedeiXexe
X X X X X X X X X X X X
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X X X X X X X X X X X X
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Figure 10. A schematic diagram of the location of data
collection.
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Figure 11. Model boundary conditions.
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Figure 12. Experimental and numerical results at 0 hour.
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Experimental and numerical results after 312 hours of the exposure conditions
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system, the top line and crack line were exposed to solute
chloride in water as boundary conditions. The other
boundaries had a no flow condition imposed to represent
an impermeable coating on the real specimens.

The initial chloride concentration inside the concrete
was assigned to be 0.05 for all the analyses, due to the con-
centration values were measured at time 0 hr. of the EC
test. The data matrices reported in the chloride concentra-
tions of calibration samples which tested by the ECT were
linearly interpolated automatically to the node resolution
of the model, so that chloride concentration values out-
side of the data matrix were extrapolated to be a constant
value (2.5%) as the maximum boundary of the concen-
tration data matrix. The time dependent solver was used
to solve the model with 0 and 312 hours of exposing to
request boundary conditions.

5. Comparison of Results

After tested and gotten the results of the numerical
models and experimental specimens. The comparing
between them was done and as shown in Figure (12 a-b).
The crack forms are shown as a straight line at the middle
position of images.

After analyzing the above experimental and numerical
results are shown in Figure 13, it can be concluded that
the chloride penetration depth is increasing with an
increasing crack width and crack depth, where the most
influential factors of the crack width and crack depth, on
the concentration of penetration chloride, was share of
the crack width. Crack depths with widths, for the same
exposure of water head, were not having a significant
effect on chloride penetration depth. This probably due to
the recently used of concrete mixture of specimens.

6. Conclusions

In this paper, the influence of crack sizes (depth and
width) on the chloride penetration in Hydraulic Concrete
Structures, which exposed to seawater head, is experi-
mentally and numerically studied. Following are the final
conclusions that can be inferred:

o The chloride penetration depth increased with
increased crack width and crack depth, respectively.

« Comparisons experimental and
numerical results concluded that the numerical
ones, which obtained using Finite Element analysis

between the
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(COMSOL Multiphysics Software), agreed well with
the experimental ones which gained from experiment
tests for the cracked specimens.

o The developed ECT is the more suitable method for
determining the degree of saturation and penetration
of chloride ions into laboratory concrete specimens
for the following reasons: 1. Typical and very accu-
rate results comparing with numerical results, 2. The
experimental data could be used to determine the
necessary parameters required in specimens when
predicting the transport of chlorides in concrete spec-
imens and 3. The experimental has a low cost, easy
set-up and the experiment can be performed in a very
short time compared to other experiments.
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