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ARTICLE INFO ABSTRACT

Article history:

Received 22 November 2015

Received in revised form 28 April 2016
Accepted 4 May 2016

Available online 13 May 2016

Keywords:

Chloride attack
Chloride penetration
Concrete structures
Mapping

Marine environment
Sulfate attack

XRF

SEM

EDX

In order to study the long term behavior of concrete structures under the natural exposure to aggressive
seawater attack, concrete samples are taken from the wave’s repellent blocks at seashore in the north
coast of the Mediterranean Sea. The samples cover a wide range of various exposure times differ from
4 years to more than 60 years. The samples composed from diverse concrete constituents and obtained
from different locations along the seashore. The tests (XRF, SEM, EDX, water soluble chloride content
using photometer techniques) where conducted on the extracted concretes.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The chemical action of seawater on concrete is mainly due to
the presence of MgS0,4, MgCl, with NaCl, as well as other dissolved
salts [1].

The interaction of concrete with chlorides and sulfates in sea-
water leads to modification of the intrinsic concrete properties.
Seawater contains high concentration of chlorides relative to less
concentration of sulfates. Since, the concentration of ions in typical
seawater is almost around 19,090 ppm of Chloride, and 2233 ppm
sulfate. The chemical analysis show that the chloride concentration
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increases up to ten times sulfate concentration in typical seawater
[2].

The ingress of sulfates constitutes a major risk of chemical
aggression for concrete causing destructive expansion, and loss of
bond between the cement paste and aggregate leads to strength
loss [3]. These processes are commonly caused as a result of reac-
tions between the tricalcium aluminate (C3A) in the Portland
cement and sulfate ions to form expansive ettringite compound
[4].

However, the high chloride concentration of the seawater solu-
tion could reduce the expansive nature of the ettringite formed by
sulfate attack. So, chlorides have a tendency to bind C3A in the
cement to produce chloroaluminate compounds, such as Friedel’s
salt, which do not cause any expansion. Also, ettringite formation
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Table 1
Sample location and its corresponding chloride and sulfate ions concentrations.
Name Location Start of ~ Geographic lons
exposure location concentrations of
(Year) seawater (ppm)
North East Chloride Sulfate
TO8 El-Tarh 2008 31°16’ 17”7 30° 07" 45”7 21,200 2101
MO7  El-Mansheia 2007 31° 12’ 03”7 29°53' 30" 19,400 2155
TO3 El-Tarh 2003 31°16' 177 30° 07 40" 21,200 2101
Q87 El-Qalaa 1987 31°12' 48" 29°53' 11”7 19,400 2155
T85 El-Tarh 1985 31° 16’ 177 30° 07’ 50”7 21,200 2101
Q50  El-Qalaa 1950 31°12 49" 29°53 10" 19400 2155
Table 2

Concrete ingredients and its corresponding compressive strength.

in chloride-rich environments is not associated with expansion and
cracking [5].

The ingress of chloride into concrete causes fast and severe cor-
rosion of the steel reinforcement. This reduces the cross-section of
the reinforcement and consequently leads to the loss of its load
carrying capacity [6].

The alkalinity medium of concrete prevents the reinforcement
corrosion process until the chloride content at the steel surface
has reached a certain threshold value. This value is often stated
as critical chloride content or chloride threshold value [7]. So, the
determination of chloride content within concrete indicates to
how far the deterioration of the concrete is.

Name W/C Water (kg/m®) Cement (kg/m®) Fine aggregate (kg/m>)  Coarse aggregate (kg/m>)  Admixture (Liter/m®) Compressive strength (kg/cm?)

TO8 034 135 400 684 1164 4 Sikament 371
(SRC) Dolomite MG

MO07 0.33 133 400 692 1180 4.5 Sikament 431
(SRC) Dolomite MG

TO3 034 135 400 684 1164 4 Sikament 350
(SRC) Dolomite MG

Q87 047 165 350 630 1260 1 312
(SRC) Dolomite MC Admix.

T85 0.47 165 350 630 1260 1 300
(SRC) Gravel MC Admix.

Q50 0.65 196 300 598 1195 0 225
(SRC) Lime stone

(b) TO3

(c) Q87

(d) Q50

Fig. 1. Images of concrete blocks exposed to seawater attack.
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Table 3

Concrete erosion depth and carbonation depth for all specimens.
Name TO8 MO07 TO3 Q87 T85 Q50
Concrete erosion (mm) 2 1 3 10 15 50
Carbonation (mm) 4 2 6 15 18 23

However, the majority of the studies have been conducted on
laboratory samples like cement paste, mortar or concrete produced
and exposed to artificial seawater in a laboratory environment
with different chloride and sulfate concentrations [8-11].
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There are relatively few case studies that provide detailed
information about the micro-structural and chemical changes
taking place in field concrete during seawater or ground
water attack. These studies generally were carried out with
a view toward recording the common deterioration signs
of existing old concrete structures taking into account the
long term behavior of concrete structures after long time
of exposure to aggressive media. These researches present
significant results under real conditions of full scale speci-
mens exposed to natural climatic weather and continuous
attack [12-14].
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Fig. 2. Total chloride and sulfate ions concentrations in the concrete specimens along with concrete depths of exposure to seawater.
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As an instance, samples collecting from existing docks struc-
tures after twenty-seven years of seawater exposure in Portugal
built with a poor-quality concrete was studied. The higher deteri-
oration rates were observed in zones where the concrete surface is
subjected to wetting and drying cycles of seawater. In these very
aggressive exposure conditions, reinforcement corrosion rates in
excess of 500 pm/year were measured [15].

The objective of this study is to investigate the effect of seawa-
ter on the properties of hardened concrete durability. An experi-
mental program is designed and performed to discover the way
to achieve the optimum concrete mixture with chemical ingredi-
ents that has required compressive strength at certain level of
durability.

2. Experimental work
2.1. Material

The examined specimens were taken from the corner edge of
the wave’s repellent blocks at seashore in the tidal zone where
the specimens on beach were sprinkled periodically with seawater.
Samples taken from six different locations along the north coast
associated with different chlorides and sulfates ions concentra-
tions. The exposure durations of the samples differ from 4 years
to more than 60years as presented in Table 1. Note that the
extracted ions concentrations are at the experimental time.

The wave’s repellent blocks were constructed under govern-
mental technical supervision of the Seashore Protection Associa-
tion (SPA) [16] which follows the minister of irrigation in Egypt.

The Seashore Protection Association (SPA) having all the gath-
ered data presented in Table 2 regarding the diverse concrete con-
stituents of each block associated with the corresponding
compressive strength. All mixes used sulfate-resisting cement
(SRC) with various amounts. Obvious observations of concrete
deteriorations across years tend to increase the cement content
in the recently constructed blocks. Different types of coarse aggre-
gate are used according to the source availability near sites. Water
reducer admixtures are added to decrease water to cement ratio
(W/C) and also decrease permeability and consequently enhance
mechanical properties associated with more durable concrete.
Measured compressive strength recorded on cylinder of dimen-
sions 15 cm diameter and 30 cm depth.

2.2. Methodology

The specimens were taken from the corner edge of the wave’s
repellent blocks at seashore in the tidal zone. Then, the depth of
carbonation is measured by spray phenolphthalein indicator onto
the surface of a freshly split concrete sample. The solution is a col-
orless base indicator, which turns purple when the pH is above 9.0
[17].

The specimens were sliced using a diamond wheel saw. Seg-
ments approximately 1 cm thick were taken across the length of
the core. Each segment was about 6 cm in length and about 6 cm
in width. Each slice was broken to pieces of 1 cm® which represent
the examined concrete sample at every depth.

The 1 cm? pieces were gold coated prior to examination under
the Scanning Electron Microscopy (SEM) combined with Energy-
dispersive X-ray (EDX) analysis. The EDX analysis gives the full ele-
ment composition of the concrete sample including the total chlo-
ride content. The total chloride content contains free chloride and
bound chloride. The same analysis determines the sulfate content.
A comparative study was conducted with X-ray Fluorescence Anal-
ysis (XRF) for two specimens to give full chemical analysis of well
grounded concrete.

In order to determine the free chloride content which is respon-
sible for steel corrosion leaching technique is used. Ground sam-
ples are put in distilled water as solvent and leached out the
water soluble chloride. Photometer measurement system is used
to quantify the amount of water soluble chloride in the specimen
[18].

3. Results and discussions

Concrete structures existed at the seashore is exposed to run-
ning waves which consequently abrade its surface which is soft-
ened due to the chemical reactions. An images of deteriorated
samples is shown in Fig. 1.

The erosion starts from aggregate-cement paste interfacial tran-
sition zone as a weak point and then propagates around the coarse
aggregate which in turn protruded from concrete block. So, the
erosion depth presented in Table 3 is the average eroded depths
around the coarse aggregate.

In case of white limestone coarse aggregate, the behavior is dif-
ferent. So, the limestone aggregate is synchronically eroded with
cement paste as shown in Fig. 1(d).

The carbonation depth measured from the remaining surface
after concrete erosion as presented in Table 3. Carbonation depth
increases as concrete quality decreases. Hence, higher concrete
grade leads to a reduction in carbonation depth over a specific per-
iod of time [19].

According to EDX analysis, total chloride profiles of the concrete
specimens associated with sulfate ion concentrations for different
concretes at varying exposure time (4, 5, 9, 25, 27, and 62 years)
are presented in Fig. 2.

Fig. 2 illustrates that the chloride concentration at the concrete
surface is almost same as the chloride concentration in seawater
and then the chloride concentration is increased due to the accu-
mulation of chloride ions forming chloroaluminate compounds
which in turn block the pores and prevent more access of chloride
or sulfate into concrete

Fewer amounts of sulfates measured in the specimens is due to
sulfate resisting cement used which is made with no or low gyp-
sum (CaS0s) added to the clinker. The high CI concentration of sea-
water could play an important role by binding the C3A to form
chloroaluminate compounds, such as Friedel’s salt and also by low-
ering the expansive potential of ettringite. So, it has afforded better
protection against ingress of the sulfate ions into concrete [2].

Chloride content within millimeters at the concrete surface is
anomalously fewer. It may also be due to the concrete skin which

Table 4
Quantitative analyses XRF (Q87).

Main (Weight %) of mortar At (Weight %) of mortar At
constituents depth =10 mm depth =70 mm
Si0, 66.94 67.57

TiO, 0.12 0.15

AlL05 1.26 1.25

Fe,03 1.07 1.13

Zr0, 0.03 0.03

MnO 0.05 0.00

MgO 0.70 0.59

CaO 12.75 14.81

Na,O 1.73 1.33

K0 0.35 0.31

SrO 0.11 0.15

P,05 0.05 0.03

SOs3 0.95 0.73

Rb,O 0.02 0.02

Br 0.01 0.00

Cl 2.67 1.74

L.O.I 11.17 10.17




134 A.M. Ragab et al./Construction and Building Materials 119 (2016) 130-144

has a different composition, compare to the internal concrete. A
contact with the moulds, segregation of aggregates or dielectric
reaction between the concrete surface and chloride environment
are attributed to a fall in the surface chloride [20,21].

Different behavior in M07 specimen with the highest chloride
content at the concrete surface is measured. This is mainly due
to the highest compressive strength with dense impermeable con-
crete and less carbonation depth recorded in this specimen. So, the
total chloride concentrated at the concrete surface and decreased
with depth.

Table 4 shows a sample XRF analysis compatible with EDX for
the Q87. The XRF analysis is made for grounded mortar around
the coarse aggregate while the EDX analysis is a chemical surface
analysis. The XRF results ensure the decreasing of external
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elements through the depth of concrete. These XRF analysis is used
to confirm the results form EDX analysis.

The water soluble chloride is responsible about steel corrosion.
The monitoring of chloride content inside concrete is a key factor
to specify the service life time of any structure facing harmful salty
conditions. the results of water soluble chloride illustrated in Fig. 3
is convenient with the fact that increased binding capacity of
cement matrix allows more free chlorides to accumulate on the
surface of concrete [22]. So, the maximum chloride content exists
at the concrete surface. The exposure duration to seawater scale
out the amount of chlorides. Higher compressive strength and
more cement content with low W/C ratio obstruct chloride ions
from ingress into concrete due to concrete densification with less
and discrete pores.
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Fig. 3. Free (water soluble) chloride ions concentrations in the concrete specimens along with concrete depths of exposure to seawater.
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Fig. 4. Free chloride content at depth of 50 mm.

Fig. 4 illustrates the free chloride content which is the active
chloride that affects the steel corrosion at the most used concrete
cover at 5 cm for all concrete samples. So, by comparing the free
chloride content with those allowed in the international codes of
concrete we can specify the service life of structures facing the sea-
water attack after long time.

3.1. Microstructural study

The scanning electron microscopy (SEM) is conducted with the
aim of observing the deterioration of six different concretes
exposed to seawater at different exposure periods. The study
focuses on the observed features in different concrete mixes such
as voids, capillary pipes, aggregate/paste transition zone, port-
landite CH [Ca(OH);], Calcium Silicate Hydrate CSH [3Ca0-2Si0,-
-3H,0], silica gel [SiO,-xH,0], gypsum [CaS042H,0], ettringite
[3Ca0-Al;03-3CaS04-32H,0], thaumasite [CaSiO3-CaS0O4-CaCOs3-
-15H,0], brucite [Mg(OH),], M-S-H [3MgO0-2Si0,-2H,0], Friedel’s
salt [CasAl,Clo(OH) 2-4H,0], Dolomite [CaMg(COs3),], Quartz
[Si0;], Potassium feldspar [KAISizOg], or unhydrated clinker com-
ponents which contain Alite C3S [3Ca0-SiO;], Belite C,S
[2Ca0-Si0,], Ferrite C4AF [4Ca0-Al;03-Fe;03], Aluminate C3A
[3Ca0-Al,03] and any other components.

3.2. Rules of the inspection of the SEM images
In order to interpret the SEM snapshots, a survey in the previous

work done in the same field of interest. Sahu et al. [23] rearrange
these previously mentioned components according to relative,

Pore

CSH Ferrite

Calcium
hydroxide

Crack

Fig. 5. Concrete components in SEM images according to grey scale.

measured image intensity as shown in Fig. 5 where, backscattered
electrons are controlled by the atomic number of the material irra-
diated. For low atomic number materials, little scattering takes
place near the surface and most of the incident electrons are
absorbed within the specimen. Materials with a higher atomic
number generate much more scattering at the specimen surface
and consequently a greater proportion of backscattered electrons
are produced. Therefore, in a backscatter electron SEM image
brighter regions represent phases of higher atomic number and
darker regions represent phases of lower atomic number.

Two morphological forms of calcium hydroxide are common,
elongated crystals and massive shape. The elongated crystals are
cross section of the hexagonal pates. These exhibit characteristics
cleavage parting along basal planes and may represent early
formed CH where relatively unrestricted growth allowed the for-
mation of the ideal hexagonal habit. The term massive CH (without
form) may be used where the fine grained habit shows no crystal
form. This material fills voids in the CSH, and so, is probably a later
occurring product of the hydration process [24]. The morphology
of the majority of cement hydration C-S-H gel products is mostly
cotton-shaped [25].

A selection of the backscattered electron images is given in
Fig. 6. In this selection distinction between the main elements

4
AR - |
oA
s | '
Gypsum Unhydrated clinker CH with some gel
(bright white) (lightest) (light grey)

Gel (mainly CSH) (dark grey)

- - -“
Pore / Void (Darkest)

Fig. 6. Interpretation of SEM images according to grey scale.
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' 6 um I

30 um

Ettringite type 2

3 pm

Friedel’s salt

5 um

15 um '

Magnesium silicate fibers

rosette-like clusters of brucite crystals

Fig. 7. SEM snapshots of the main compounds found in concrete exposed to seawater attack.

according to grey scale is used. The phases of interest, graded in
terms of their brightness, are gypsum .lightest.> unhydrated
cement grains (clinker) > calcium hydroxide .CH. > gel (predomi-
nantly calcium silicate hydrate(C-S-H)) > aluminate-bearing
hydrates > aggregate > porosity and voids(darkest) [26].

SEM snapshots shown in Fig. 7 demonstrate the main com-
pounds in concrete exposed to seawater attack. SEM shows that
ettringite crystals have perfect needle-shape with hexagonal
cross-section. These crystals are formed in cracks. These crystals
resemble each other and tend to grow together in the same

direction. Some of the crystals are twinned and they continue to
grow separately. Gypsum crystals and ettringite crystals are easily
distinguished. Gypsum crystals have plate form like a mass of suc-
cessive layers of ice, or fish scales. Meanwhile, ettringite crystals
are needle-shaped.

While ettringite appears in two modes, The first one is long
lath-like crystals which range from 10 to 100 pm and several pm
thick, formed at low hydroxyl ion concentrations (i.e. with low
pH values in the pore solution). In the case of hydrated cements
containing significant amounts of these ettringite crystals, these
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lead to high strengths and non-expansion. The second type of
ettringite is rod-like crystals which range only from 1 to 2 um long
and 0.1 to 0.2 um thick, which are formed at high hydroxyl ion
concentrations. These are present during the hydration of Portland
cements which at large quantities can cause expansion effects
through water adsorption [27].

The morphology of Friedel’s salt is hexagonal slice and its size is
between 2 and 3 pm. The hydrated products of C3A are also hexag-
onal, but its size is no more than 1 um and is much smaller than
that of Friedel’s salt while the photo for Ca(OH), may also be
hexagonal with much larger size [28].

The magnesium existed in seawater replaces the calcium in
CH to form brucite Mg(OH),. The brucite forms small rosette
shaped crystals in the early stages of attack. While the Magne-
sium silicate morphology having fibers shape. Thaumasite mor-
phology is tangled needle shape fibers and its size is between
5pm [29].

With the purpose of interpret the EDX analysis of this thesis,
a survey in the previous work done in the same field of inter-
est. Fig. 8 synopses the most existing compounds found in dete-
riorated concrete [30]. It illustrates the main elements with
trace elements of gypsum, thaumasite, and ettringite
compounds.

From Fig. 9 to Fig. 14, the resulted microstructures Regarding
the SEM micrographs of the examined concrete is shownFig. 9
illustrates the reaction product of chloride with the calcium
sulphoaluminate phases and any remaining calcium aluminates
to form calcium chloroaluminate “Friedel’s salt” which crystallizes
as hexagonal plates. The EDX spectrum showed the presence of a
significant amount of iron and silica.

Mapping in Fig. 10 illustrates clearly a siliceous sand particle
with silicon element surrounded by cement matrix. The mapped
location of chloride ions is almost in the cement matrix rather
than sand particle.Fig. 11 is taken from a small natural siliceous
sand particle. The corresponding EDX analysis demonstrates that
major element is silicon and almost no chlorides and sulfates ions
despite of its vicinity to concrete surface faced aggressive
seawater attack.

Fig. 12 is snap on brightest location in the picture which is due
to presence of gypsum compound.

Fig. 13 confirms the abundance of needle shaped ettringite
incorporating limestone calcite filler. Ettringite is frequently
intermixed with other sulfate-bearing phases that is exactly
shown in the lightest spots confirmed the presence of gypsum
compounds. There is no thaumasite investigated due to the
absence of required carbonFig. 14 is taken from a natural
particle which is limestone. The corresponding EDX analysis
demonstrates that major element is calcium and there are a
few amounts of chloride ions penetrating the limestone but it
is still less than the amount of chloride ions at the surrounding
cement paste.

The SEM images from Fig. 9 to Fig. 14 explain the peak of total
chloride ions concentration appeared in Fig. 2 because of
chloroaluminate compounds shown in the figures and confirmed
by EDX analysis.

Counts |
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20001
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500 1
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4000
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Fig. 8. EDX analysis of the main compounds found in concrete exposed to seawater
attack.
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Fig. 9. SEM and its corresponding EDX analysis for TO8 at depth 32 mm.

4. Conclusions

This paper study the experimental issues of the synergistic
effects of sulfates and chlorides on the long term behavior of filed
concrete exposed to seawater attack at the splash zone. The follow-
ing major conclusions are drawn:

e Complicated nature of reactions of various concrete compounds
with the chlorides, sulfates, and magnesium attack existed in
seawater can result in the formation of different reaction prod-
ucts at different stages resulting in changes in concrete
properties.
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Fig. 10. SEM and its corresponding EDX analysis and mapping for M07 at depth 51 mm.
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Fig. 11. SEM and its corresponding EDX analysis for TO3 at depth 3 mm.
o The present study shows that the deterioration of concrete due o Partial decomposition of CSH gel to MSH gel.
to seawater attack progresses inwards from the exposure sur- o Formation of gypsum, ettringite, and thaumasite due to the
face with the duration of exposure. sulfate ion attack.
e The test result shows that the main deterioration processes as o Binding C3A to form chloroaluminate compounds Friedel’s

follows: salt during chloride attack.
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Full Scale 1326 cts Cursor: -0.002 (8471 cts) keV|
Element | OK NaK MgK | AlIK SiK SK CIK KK CaK | FeK RbK Totals
Weight% 54.5 5.18 1.74 1.5 7.52 0.71 4.93 0.12 21.7 1.85 0.31 100
Atomic% 71.4 4.72 1.5 1.17 5.61 0.47 2.92 0.06 11.3 0.7 0.08

Fig. 12. SEM and its corresponding EDX analysis for Q87 at depth 10 mm.

e The SEM images with corresponding EDX and mapping showing e Mapping is alternative method to conventional X-ray diffraction
the places of these compounds and its constituting elements is (XRD). Mapping can identify chemical elements in concrete
accurately specified. sample.
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Spectrum 48
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Weight% 54.75 0.51 0.58 1.52 8.53 1.41 2.14 0.22 | 28.61 1.73 100
Atomic% 73.08 0.47 0.51 1.2 6.49 0.94 1.29 0.12 15.24 0.66

Fig. 13. SEM and its corresponding EDX analysis for T85 at depth 15 mm.

e Mapping Technique determines the locations of cracks, voids,
and capillary pipes pores in the examined specimen.

e EDX analysis prove that siliceous aggregate particles act
as inert material with no chloride ions or sulfate ions
could penetrate the sand particles. The visual inspection

confirms this fact that all eroded parts are in the mor-
tar only and left the natural siliceous aggregates pro-
truded out.

e Limestone natural wedges can be used as a barrier layer for
preventing concrete from deleterious actions. Where, EDX
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Spectrum 31
Ca
0
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Full Scale 5681 cts Cursor: -0.002 (8879 cts) ke
Element CK OK Na K AlK SiK CIK | KK CaK Fe K SrK Totals
Weight% 15.81 47.86 0.32 0.12 0.19 0.44 0.08 34.41 0.08 0.7 100
Atomic% 25.24 57.36 0.27 0.08 0.13 0.24 0.04 16.46 0.03 0.15
Fig. 14. SEM and its corresponding EDX analysis for Q50 at depth 80 mm.
analysis demonstrates that there are a few amounts of e The non-preventative deterioration process of concretes
chloride ions can penetrate the limestone wedge but it is subjected to seawater attack after long term period of
still more less than the amount of chloride ions at the exposure confirms the importance of using protective

surrounding cement paste. techniques.
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