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Abstract

The applications of a mineral admixture, or a zinc coating to sted surface, or a
combination of both are methods used for the corrosion prevention of ferrocement
eement in this study. Results of a study to evaluate many corrosion protection systems
with metakaolin and/or galvanized sted mesh are presented in six U-shaped specimens.
Specimens were built to simulate exposure conditions typical for marine environment.

Laboratory data collected along duration of 40 weeks of exposure were used in
modeling the cover depth as a function of time to corrosion initiation of the investigated
corrosion prevention methods. Methods used to assess the condition of specimens
included chloride concentration measurements, and corrosion rates. Modd predictions
show that the ferrocement specimen of high-performance mortar with metakaolin
provides much better leve of protection against moisture and chlorides than the
conventional specimen, by delay rate of chloride ingress. Application of a galvanized
sted mesh causes an devation of the chloride threshold resulting in an additional
increase in the predicted time to corrosion initiation.
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Nomenclature

ef Error function.
tco Timeto corrosion initiation.
w/c Water cement ratio.
wit. Weight.
B The proportionality constant.
Ba Anodic Tafd dop.
Bc Cathodic Tafel slop.
Ci Initial chloride
Cs concentration.
C(x,1) Surface chloride
concentration.
C-SH Chloride concentration at
Cl- timet and depth x.
Cth Calcium silicate hydrate.
CTL-1 Chlorideion.
CTL-2 Chloride thresholds
Control 1
Control 2

1. Resear ch Significance

Success of ferrocement as a building
material  depends on strength  and
durability under any environmental
conditions [1]. Durability is defined as the
ability of concrete to resist weathering
action, chemical attack, abrasion, and
other  conditions of service [2].
Ferrocement as a construction material can
be successfully used in the construction of
many structures such as water tanks,
sunshades, secondary roofing slabs, shell
and folded plate e ements, pipes, and boats
[1, 3, 4]. However, if these structures are
exposed long-term to sever environment
(chloride ions, carbon dioxide, sulfate
dioxide, etc.) their service lives will be
reduced [5]. Deterioration of mortar is
basically rdated to volume change due to
various weathering agents and shrinkage.
Deterioration of sted mesh is called
corrosion. The sted wire-mesh
reinforcement in ferrocement is normally
protected against corrosion by the

Dc Diffusion coefficient.
Ecorr The potential of a
corroding surfacein an
electrolyte relative to
reference electrode
measured under open-
GL circuit conditions.
HRWRA Galvanized.

High range water reducing

Icorr agent.

Irate Corrosion current.

L.L. Corrosion rate.

MK Left leg.

MK&GL Metakaalin.

RSM Metakaolin and

Ref. Galvanized.

R.L. Reinforcing Steel Mesh.

Rp Reference specimen.
Right leg.

Polarization resistance.

akalinity of the mortar and cover.
However, carbonation and/or penetration
of chloride ions to the mortar cause
corrosion  to  occur. Furthermore,
development of any cracks of sufficient
width in the mortar component results in a
loss of cover thickness and reduces the
protection against corrosion [1].

In this study, and due to the importance
of durability of a ferrocement, a laboratory
savice life modd is presented for
ferrocement  structures  exposed  to
chloride-laden environment. Model
requirements are the corrosion threshold
limit, chloride diffusion constant for
initiation of corrosion, mortar properties,
reinforcing sted mesh type, and rate of
corrosion. The modd may be used to
predict the service life of new ferrocement
construction with normal and high
performance ferrocement, and ferrocement
with galvanized sted mesh. Thus, the
model provides the service life prediction
for various corrosion protection systems,
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which are needed for determining the cost-
effective solution to corrosion protection
of ferrocement structure.
2. Service life prediction

Ferrocement may be used as a basic
component for concrete structure exposed
to marine environments. Durability of
ferrocement eements is an important cost
issue because of the large number of units
involved, and because replacement of any
unit aready in service can require
expensive demolition and reconstruction
of associated reinforced concrete work. As
a result, design service life requirement for
ferrocement units must not be less than
design service life of other reinforced
units. There are several ways of predicting
service life due to corrosion damage of
reinforcement in concrete. A simple mode
for the corrosion of sted in concrete is
shown in Figure 1. This service life mode
for reinforced concrete structures has two
stages. initiation and propagation. This
model  depicts the time to corrosion
initiation and the subsequent deterioration
rate. Some structures have been found to
follow this modd with reasonable
accuracy. The initiation time is the length
of time until depassivation of the sted
reinforcing bars and the initiation of
corrosion has occurred. The corrosion rate
is controlled by corrosion process kinetics
and may increase or decrease. At some
point, cracking and spalling occur and the
structure is ether rehabilitated or has
reached the end of its service life and is
replaced. Several important factors are
needed in order to quantify the
deterioration rate: chloride profile, cover
depth, carbonation depth, corrosion rate,
concrete resistivity, and the environment.
2.1 Corrosion Threshold Concentration

Chloride  induced  corrosion  of
reinforcing sted is the main cause for
deterioration of reinforced concrete
structures in marine environments [6, 7,
8]. The use of decing chemicals and the
influence of the coastal  region
environment were found to be the primary
sources of chlorides necessary for the
corrosion process to take place. An oxide
layer that forms on the sted mesh surface
and the high alkalinity of cement paste

normally protects reinforcing sted in
mortar. The corrosion process will take
place when the passive oxide layer is
destroyed. Chloride ions  migrating
through mortar will cause depassivation of
sted mesh after they reach the threshold
concentration at the sted mesh-mortar
interface. The value of the threshold
concentration is of primary importance. It
varies for different concrete types. A
second theory states that the threshold
should not be based on chloride ions only,
but rather on a ratio of chloride to
hydroxyl ions [9, 10]. According to
Verbeck and Haussmann [11, 12], ratios
above 0.6 indicate high probability of
active corrosion, while ratios below 0.6
are considered to be normal. It can easily
be deduced that not only an increase in
chloride ion concentration will cause the
ratio to increase, but a decrease in
hydroxyl ion concentration as well.
However, accurate determination of
hydroxyl ion concentration is difficult,
especially at high concrete pH levels.
2.2 Cady-Weyers Deterioration Model
The average service life of concrete
structure exposed to marine environment
in the United States, including
rehabilitation and the  component
replacement, was estimated to be 70 years.
Major rehabilitation of a bridge takes
place when the structure is about 35 years
old [13]. The design life for buildings and
other structures in Europe is 50 years,
while bridges are expected to last 120
years [9, 10]. Such long durability
requirement presents a difficult materials
sdection and performance prediction
challenge.  Under  these  conditions
predicting the service life of any structural
unit, which includes present knowledge of
their deteriorated condition, became an
important subject in making the most cost-
effective  decisions concerning future
management  of these  structures.A
corrosion deterioration model for concrete
structures exposed to chloride
environment was proposed by Cady and
Weyers, see Figure 2[14]. This general
representation of deterioration versus time
relationship can be divided into three
stages.  diffusion, corrosion, and
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deterioration. The diffusion period is the
time when chloride ions penetrate the
concrete cover until their concentration, at
a rebar leved, reaches the corrosion
threshold leve. The second period in this
mode is called the corrosion period. In
this stage the corrosion of the reinforcing
sted initiates and progresses until first
cracking occurs. Factors such as bar size,
its spacing, and concrete cover above the
sted determine whether incline or
delamination cracking occurs ™. The last
period in the Cady-Weyers deterioration
modd is the deterioration phase. In this
period, the concrete structure continues to
deteriorate until the time when repair or
rehabilitation is required. Factors such as
ddaminations, spalling, patches, and
cracking influence decisions regarding the
time of repair or rehabilitation.
2.3 Complexity of Corrosion Process
Corrosion is an electrochemical process,
and strongly dependent on environmental
factors (temperature, reative humidity,
rainfall) and properties of concrete
structure. These factors act simultaneously
on the corrosion process in the service
conditions. The influence of these factors
on the corrosion process should be
considered as an interaction among them.
The interaction model for corrosion has
not been sufficiently studied due to the
lack of the long-term corrosion data in the
fild. Most of the research work in
accelerated corrosion tests is limited to the
effects of the individual variable. In fact,
these factors cannot be separated or
isolated from each other in the service
conditions. It is necessary to develop an
interaction model to characterize the
corrosion process based on long-term
corrosion tests. Therefore, the service life
of a reinforced concrete structure in
different environmental conditions can be
better predicted [16, 17]. This study
concentrates on a diffusion period of the
Cady-Weyers deterioration model, which
also is the maintenance free period in their
last model [13, 14]. Based on Figure 2, it
is clear that one method to extend time to
rehabilitation is to extend the time to
corrosion initiation. It can be achieved by
reducing the diffusion rate or by

increasing the chloride threshold level.
Mineral admixtures can accomplish
reduction of the diffusion rate, while
chloride threshold level can be eevated
with metallic coating. The proposed model
uses laboratory data, and estimates field
peformance of “new low permeable
mortar” in high performance ferrocement.

3. Materials and mixes:

Ordinary Portland cement was used in
this study. Table 1 shows the chemical
composition of thistype of cement.

3.1 Specimen Design
It was suggested to use the specimen of
a shape as shown in Figure 3 to be the
ferrocement structural element of this
study. Each specimen, was 0.96 m high
and horizontal dimensions of 0.46 m by
0.4m, and was designed to simulate four
exposure conditions: wetted surface
(horizontal zone), wetted vertical surfaces
of members (vertical zone), tidal zone,
and immersed zone. The immersed zone
covered an area from the bottom of
specimens' legs to the height of 200 mm.
The tidal zone was 200 mm to 400 mm
from the bottom of specimens legs. A
vertical surface area above 400 mm from
the bottom of a specimen corresponded to
the vertical zone, and the horizontal zone
is the top surface area of the specimen.The
constant design parameters for these
specimens are a 100-110 mm flow; all
specimens had 14.3 mm mesh reinforcing
cover depth and had been exposed to a
6%, by weight, sodium chloride wetting
solution. The variable design parameters
are
Configuration of the reinforcing
steel mesh (RSM).
Type of reinforcing steel mesh.
Cementitious material.

3.2 Reinforcing Steel Mesh

A wire mesh was used to reinforce the
specimen. The wire mesh cover for all
specimens was 14.3 mm. To study the
effect of wire mesh configuration or
macrocel | actions on corrosion
performance, three configurations were
adopted: -
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Type | - RSM dectrically connected in
both legs, (same mesh for vertical, tidal,
and immersed zones, (see Figure 4).
Type Il - RSM electrically disconnected
in both legs, (see Figure5).
Type 11 -RSM electrically disconnected
in the right leg and connected in the left
leg (same mesh for vertical, tidal, and
immersed zones, see Figure 6). Also two
types of sted wire mesh were used
throughout this study. Some specimens
were reinforced with normal stee wire
mesh and others were reinforced with
galvanized steel wire mesh to study the
effect of metallic coating on corraosion.
3.3 Cementitious material

Mortar mixes were used for all
specimens with mix proportions of 1:2
(cement: sand by weight) with a flow of
100 — 110 mm. To improve the quality of
the mortar mixes two types of admixture
were used. A 0.7% by weight of cement of
a high range water reducing agent was
used for some mixes. Also a 10% by wt. of
metakaolin as a partial replacement of
cement was used to improve the durability
of ferrocement mortar. Table 2 shows the
details of the experimental program.
3.4 Specimens Casting and Curing

Discontinuity of the mesh was achieved
by employing epoxy coating for the
overlap part of steel mesh that was used in
place of regular mesh stedl reinforcement
in the transition areas between sdected
exposure zones. These overlap meshes are
connected to the mesh steel reinforcement
with plastic ties to ensure that the steel
mesh are isolated from each other.
Specimens were cast in plywood forms,
which were carefully cleaned and oiled
before each mortar placement. Placing of
mortar was done in three layers. While
placing mortar; a vibrator table was used
in each layer to achieve good compaction
especially in the specimens’ legs.
Specimens were wet cured in the forms for
five days. After removing the specimens
from the forms they were kept in moisture
condition and covered with plastic nylon
for additional 23 days of wet curing.
Ferrocement specimens, after being
removed from the wooden forms, are
presented in Figure 7. After 28 days of wet

curing, specimens were air-dried in the
laboratory for a minimum of 30 days.
During that time the specimens were
prepared for wet-dry cycles. Then al
specimens were placed into a 0.5 m deep
tank and exposed to wet-dry cycles. Figure
8 shows al six specimens in the tank.
each layer to achieve good compaction
especially in the specimens’ legs.
Specimens were wet cured in the forms for
five days. After removing the specimens
from the forms they were kept in moisture
condition and covered with plastic nylon
for additional 23 days of wet curing.
Ferrocement specimens, after being
removed from the wooden forms, are
presented in Figure 7. After 28 days of wet
curing, specimens were air-dried in the
laboratory for a minimum of 30 days.
During that time the specimens were
prepared for wet-dry cycles. Then al
specimens were placed into a 0.5 m deep
tank and exposed to wet-dry cycles. Figure
8 shows al six specimens in the tank.
3.5 Exposur e Conditions

Specimens were kept indoors and
exposed to wet-dry ponding cycles. Each
cycle was four weeks in duration and was
divided into two stages. In the first stage
(two weeks) the wetting solution was at
high tide level (400 mm from the bottom
of a specimen), thus the tidal zone and the
immersed zone areas were covered with
NaCl solution, and the horizontal and
vertical zones of the specimen were
allowed to air dry. In the second stage the
wetting solution, while at low tide level
(water level at 200 mm from the bottom of
a specimen), was pumped to the top of a
specimen, thus wetting the specimen
surfaces in the horizontal and vertical
zones. At the same time surfaces in the
tidal zone were allowed to air dry. The
immersed zone is constantly submersed in
the NaCl solution. The wetting solution
used in the study is 6% sodium chloride by
weight. After approximately 40 weeks of
wet-dry cycles, the specimens were
removed from the tanks and moved
outdoors.
3.6 Evaluation M ethods

The objective of this study was to
investigate the durability (corrosion
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behavior) of ferrocement structural
element. Specimens were made with
different types of mortars (Normal
mortars, mortar with chemical admixture,
and with metakaolin) and different type of
wire mesh (Normal and galvanized wire
mesh). Methods were used to assess
specimen performance included the rate of
chloride ingress, and corrosion rate
measurements.

4. Results and Discussion:

4.1 Corrosion Rates

Corrosion rates were measured at each
exposure zone and each leg, for atotal of 7
different  locations per  specimen.
Corrosion rate data were determined by
using Stern Geary equation
(lae=B/(Rp*A)), for reinforcement steel
mesh of all specimen. Results are shown
in Figures 9-12.Test results show that the
corrosion rates in the horizontal zone,
Figure 9 dightly increase with age of
exposure. While the same behavior is
observed, for other zones, see Figures 10-
12, with the exception of little shifting to
the lower value for right legs of High-
Performance  ferrocement  specimens
compare with corrosion rates of left legs.
This behavior is mostly because of
macrocel| action.

The corrosion rate results, as shown
in Figures 9-12 indicate that the
control specimens are in an active
region of corrosion for all exposure
types, since the corrosion rates were
higher than 0.2 pA/cm2 [18, 19, 20],
while corrosion rates for MK, GL, and
MK&GL specimens ill in passive
condition. It is also shown that there
are little improvements for MK& GL
gpecimen as compared with GL
specimen rather than  significant
improvement for GL as compared with
MK or HRWRA specimen. This is
indicated that the performance of
protection system by using galvanized
steel mesh was better than the
performance of MK specimen, which
used the  minerd admixture
(metakaolin) only. A  probable
explanation of these results is that the
cover of steel mesh in ferrocement is

usually small value and then the
defense against corrosion by protection
of steel itself by coating with zinc has
higher  effectiveness than  the
improvement of mortar quality of the
cover depth of steel mesh in
ferrocement.

4.2 Chlorides

Chloride concentrations were
determined for all mortar types used for
ferrocement specimens. After 40 weeks of
ponding, mortar powder samples were
collected from three depths of small
mortar blocks which were placed in
vertical, tidal, and immersed zones for this
purpose. Mortar powder samples were
collected from three depths for each zone,
5 10, and 15 mm. The chloride
concentrations of the powders samples
were abtained using the method of acid
extraction. Once the chloride ion
concentrations are measured, diffusion
coefficients are calculated for all specimen
types. The calculations are performed in
accordance with the Fick’s second law of
diffusion; see Equation 1[21].

c(x,t)=cs-(cs-ci)erf§ 20

4D t =
Where 2

Cy= chloride concentration measured at
depth x and exposure time t, mass%.Cs =
surface chloride concentration at the
interface between the exposure liquid and
test specimen, mass%.C; = Initial chloride
concentration of the cementitious mixture
prior to submersion in the exposure
solution, mass%.X = depth below the
exposed surface  (mm).D= Diffusion
coefficient. (mm %year)t = the exposure
time (year), and ef = the error function
given in standard mathematical reference
bookg[22], aso included as a library
function in most electronic software
programs. Since the chloride
concentrations were measured at three
depths the “L east Squares Fit Concept”, as
described by Weyers e a. [23], was
employed to obtain the best fit of the
diffusion coefficient. Calculated diffusion
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coefficients  corresponding to  the
minimum of the sum of squared errors,
after 40 weeks of laboratory exposure, are
presented in Table 3.As shown in Table 3,

5.0 Modeling the Time to Corrosion
Initiation

Service lives of control, and high-
performance ferrocement with or without
galvanized steed mesh were determined
from the results of the laboratory
investigations.

The powdered mortar samples from the
top 3 to 4 mm were discarded due to the
high variability of chloride content close
to the surface.

Data collected from the Ilaboratory
investigations were used to determine time
to corrosion initiation for all ferrocement
types. Calculations were performed by an
interactive solution of Equation 1 and
solving it for time, t. The following four
parameters were used to solve Equation 1:
chloride concentration threshold, C(x, t),
surface concentration, C, reinforcing steel
mesh cover depth, x, and diffusion
coefficient, Dc. Equation 1 is rewritten as
follows:-

Corrosion initiation time as a function
of cover depth of steel mesh, for control
(conventional), and high-performance
ferrocement with or without galvanized
steel mesh, is presented in Figure 13.

Figure 13 shows the difference between
these various protection systems for
corrosion in ferrocement, for vertical zone
(as an example). It is clearly indicate that
there is a significant improvement with
different degree from the control
specimen. Table 4 presents degree of
improvement (in extension of time to
corrosion initiation) for each system with
respect to control specimen.

after 40 weeks of ponding the lowest
chloride diffusion leve is observed in the
MK specimens, higher values are observed
in the control specimens

Table 4 shows that the protection
system using galvanized sted mesh has
the higher effectiveness in the extension of
the predicted time to corrosion initiation,
and then time to corrosion damage and
rehabilitation. This result agrees with the
results of corrosion rates (see Figure 10).

6. Conclusions

Based on the experimental work and
test results of this study, the following
conclusions can be drawn:

1- Comparing the four exposure
conditions, the low corrosion rates in the
immersed zone are most likely due to
higher moisture content, which limits the
supply of oxygen. The higher value
observed in the vertical zone is related to
the availability of oxygen supplied to the
steel mesh surface. It seems that the arrival
of oxygen to steel mesh surface is the
main factor in the corrosion process of
ferrocement, therefore it is considered as a
cathode control process.

2- Results of chloride testing indicate that
the amount of chlorides present at the bar
level is more than sufficient for corrosion
to occur for the control specimens;
however, it is till low for the specimens
with high-performance mortar. Based on
chloride data it appears that the specimens
with metakaolin are the least prone to
chloride ingress. Specimens with chemical
admixture (HRWRA) will allow for
greater intrusion of chlorides, but still
much less than the controls. This is
confirmed by comparing diffusion
coefficients: they are more than ten times
lower for the specimens made with mortar
with mineral admixtures, as compared to
the contrals.

3- High-performance mortars provide
much better level of protection against
moisture and chlorides than the
conventional ferrocement mortar (control)
alone. Application of a galvanized stedl
mesh causes the beneficial elevation of the
chloride threshold and results in an
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increase in time to corrosion initiation and
then time to corrosion damage.
4- The modd clearly indicates that in case
of little value cover depth, which is a
common case in ferrocement, neither
conventional mortar (W/c=0.52) nor high-
performance mortar, cant play the required
useful role to prevent the ingress of
chlorideinsideto thelevel of steel mesh.
7. Recommendations for Further
Research

Due to the importance of this subject
and to continue studying this field, the
following recommendations are put
forward:
1. It is recommended that the specimens
be further exposed to chloride ions and
annual monitoring be continued until
corrosion cracking has occurred to better
estimate the sevice life extension
provided by mineral admixtures and/or
galvanized steel mesh used in the
ferrocement components.
2.0 Even though the presented Dc, Cs and
Fick’s second low provide good basis for
the analysis, field studies are needed to
have a better representation and validation
of ferrocement in marine conditions. Also,
caculated time needed to corrosion
initiation for ferrocement with mineral
admixtures, as wel as the eevated
corrosion threshold levels provided by
zinc-coated need to be verified by fied
study.
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Table (1)Chemical composition of cement.
Oxide Content
composition Per cent
CaO 61.09
SiO; 20.1
Al,Os 5.75
SO; 2.45
MgO 2.01
K0 0.60
Na,O 0.22
(NaO+0.658K;0) 0.6148
L.O.l. 221
I.R. 1.47
L.SF. 0.92
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Table (3) Diffusion Coefficients Based on Chloride Data after 40 Weeks of

Exposure.
Diffusion Coefficients [mm?“/year]
Specimen
Vertical Zone Tidal Zone Immersed Zone
Control 253 412 370
HRWRA 29.39 37.23 37.49
MK 12.76 23.94 33.88

Table (4) Degree of | mprovement for Different system of Protection
(at Cover Depth = 15 mm).

Specimen Degree of | mprovement
(Protection system) (Times control value)
HRWRA 12.9
MK 29.78
GL 56.21
MK& GL 129.47
EA
<
§ Carbonation, Level_ Where
8| Diffusion of Rapid Repair Becomes
5 Chloride Corrosion Necessary
@ Initiation Propagation ;

Figure (1) Simple corrosion deterioration models
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Figure (2) Cady-Weyers Deterioration Model [14].
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Figure 3Typical Specimen Notes: All dimensions
in (mm). Ferrocement thickness=3 cm..
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Figure4Typel — RSM dectrically connected in both legs.
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Figure5 Typell — RSM €electrically disconnected in both legs.
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Figure( 6)Typelll — RSM dlectrically disconnected inright leg & electrically
connected in left leg.
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Figure (9) Corrosion Rates in the Horizontal Exposure Zone
for all Specimens.
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Figure (10) Corrosion Ratesin the Vertical Exposure Zone for all Specimens.
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Figure (11) Corrosion Ratesin the Tidal exposure Zonefor all Specimens.
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Figure (12) Corrosion Ratesin the Immersed exposure Zone for all Specimens.
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Figure (13) Predicted Timeto Corrosion I nitiation for All Specimensin Vertical
Zone.
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