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This paper presents the results of a study that evaluated the accumulation of marine salts in the metro-
politan area of the port city of Chittagong in Bangladesh, and their effects on specimens made from five
different types of mortars normally used as external renders for built infrastructures such as buildings
and bridges. Mortar specimens were exposed to atmospheric environment at 12 monitoring stations scat-
tered around Chittagong’s metropolitan area. Mortars were made (using combinations of cement, lime,
volcanic ash, and fly ash) with variable water-to-binder ratios and cement/binder content. The perfor-
mance of the mortar specimens was evaluated based on marine salt accumulation and resistance to mar-
ine salt penetration. The amount of salts (Cl� and SO�4 captured in powdered samples extracted from
mortar specimens was determined using ion chromatography. Laboratory tests such as mercury intrusion
porosimerty (MIP), differential scanning calorimetry (DSC), accelerated chloride ion diffusion (ACID), and
electrical resistivity (ER) were conducted on mortars, in addition to tests on fresh and hardened proper-
ties of mortars. Test results showed that the marine salt accumulation was significant up to a distance of
about 200 m from the seashore. The analysis of accumulation and subsequent penetration of marine salts
in exposed specimens identified the mortar types that are more resistant to the aggressive potential of
the region’s marine aerosol. The results suggest that volcanic ash and fly ash based mortars can provide
better salt penetration resistance than cement based mortars. Recommendations of this study will be
useful for local authorities engaged in selecting protective measures (in terms of external renderings)
to improve the durability of infrastructures exposed to marine salts.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Sea spray, composed primarily of seawater and particles natu-
rally generated by wind on the seawater surface, introduces ionic
species into the atmosphere, principally chlorides and sulfates
[1,2]. Air containing sea spray (marine aerosol) causes the accumu-
lative deposition of ions on the external surfaces of structures,
which then penetrate the interior of the material through ionic dif-
fusion, causing degeneration. Such environments are extremely
dangerous to construction materials; salts can penetrate and crys-
tallize inside the material, causing deterioration of the physical
infrastructure, affecting durability, and reducing service life [3–6].

Deterioration of the built infrastructure due to marine salts in
coastal regions has been a significant and ongoing problem. This
type of infrastructure degradation is primarily true for mortars
where salt crystallization inside the mortar pores causes an in-
crease in volume, resulting in high-pressure build-up and subse-
quent destruction of the pore structure of the material [6]. Most
ll rights reserved.
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building materials of mineral origin (commonly used as external
renders) cannot resist this pressure. Besides salt crystallization
within the pores of the external renders, chemical attacks due to
the combined action of the penetration of humidity and the sul-
fates can also occur. Researches have been conducted on the pro-
duction/distribution of salts from marine aerosols and on the
interaction with structures that causes deterioration [3,5–19].

Marine aerosols may be generated by the ocean or by the surf,
through bursting bubbles generated by ocean whitecaps, particles
torn from crests of ocean whitecaps or breakers on the shore
[12,18]. Production of salt in the ocean adjacent to the coast de-
pends on whitecap activity and general ocean wind [18]. The
mechanism of deposition of atmospheric components involves
transportation of material through the air by advection and diffu-
sion processes and is especially affected by meteorological vari-
ables. Besides advective flux, turbulent flux can also play an
important role in the transportation and deposition of marine aer-
osol [16]. Meteorological factors such as wind velocity, wind direc-
tion, relative air humidity, rainfall, cloud height, and air
temperature can contribute to an increase in particle fall velocity
by increasing its mass and density [8,12,18]. The higher the wind
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velocity, the richer the marine atmosphere is with salts – a condi-
tion that favors the generation and emission of sea spray into the
atmosphere. Besides meteorological factors, other factors such as
surface roughness due to forests and urban landscapes can cause
a dramatic fall-off of salt concentration in the air [13,18,19]. It re-
mains a strong tendency for sea salt concentrations to decrease in-
land and this fact is confirmed from research studies in many
countries [7,8,10,14,16,18]. The wet candle device has been used
to directly measure the distribution of marine salts in many coun-
tries by capturing atmospheric salts on a prescribed area of the
apparatus exposed for a particular duration [7,8,18]. Attempt has
also been made to correlate salt deposition on the wet candle
and those accumulated into concrete [8,19]. However, very few re-
search studies have been conducted on the interaction of salts from
marine aerosol with real structures built inland and subsequent
mechanism of infrastructure deterioration [7,8,10,11,20].

Bangladesh is a country with a large coastal area that includes
the Bay of Bengal. A number of major cities are situated on that
coastline, and as a result, materials and products used in construc-
tion are negatively affected by the action of airborne marine salts
due to sea spray. Chittagong, the nation’s second-largest city, is
the chief sea port and main centre of export/import in Bangladesh.
Over the past decade, the city has rapidly expanded with the estab-
lishment of heavy, medium, and light industries, with a resulting
rapid population growth. The intense presence of sea spray – a
strong marine aerosol with high levels of salt ions – along the city’s
coastal line and within its greater metropolitan area, creates an ad-
verse environment that has caused tremendous damage to local
structures such as buildings and bridges [20]. The presence of
strong prevailing wind from sea to land, higher ocean whitecaps
and hilly landscape of the region is mainly contributed to the in-
tense presence of sea spray. To date, very little research has been
conducted to evaluate the destructive effect of marine aerosol on
local infrastructure in Bangladesh.

The purpose of this research is to indirectly evaluate the distri-
bution of marine salts within the greater Chittagong metropolitan
region (based on their accumulation on exposed mortar speci-
mens) and to study the effect of marine salts on various mortar
mixtures normally used as protective cover for built infrastruc-
tures. The performance (in terms of chloride and sulfate penetra-
tion resistance) of volcanic ash (VA) and fly ash (FA) based
mortars in addition to a locally used mortar is a special feature
Table 1
Mix composition and characteristics of the used mortar types.

Binder (B) = C + L + VA + FA Mortar types

N (as per ASTM C 270)

Mix proportions and properties
Mortar mix proportions

Cement (C), kg 1.0
Lime (L), kg 0.7
Volcanic ash (VA), kg 0.0
Fly ash (FA), kg 0.0
Sand (S), kg 5.6
Water (W), kg 1.4
Binder (B), kg/m3 397
Cement, kg/m3 234
B/S 0.300
W/B 0.82

Mortar properties (fresh and hardened)
Mass density, kg/m3 2015
Consistency level, mm 254
Water retention, % 95.1
Air content, % 1.9
28 days compressive strength, MPa 7.8
28 days tensile strength, MPa 1.24
Water absorption after immersion, % 17.2
of the study. The use of industrial wastes (such as FA) and other
natural materials (such as VA) offers many advantages from the
standpoint of energy/materials conservation, durability enhance-
ment, cost efficiency, lowering greenhouse gas emissions and over-
all sustainable construction [21–24]. Evaluating the quantity of
airborne salts as well as performance of various types of mortars
can provide important data for the selection, design, and mainte-
nance of seashore infrastructures in Bangladesh and in various
parts of the world, including volcanic areas.

2. Experimental investigations

The study investigated the performance of specimens made
from five different types of mortars subjected to marine salt accu-
mulation and subsequent penetration. Twelve monitoring stations
were established at different locations of Chittagong metropolitan
area (up to 7 km from the seashore) where mortar specimens were
kept. The accumulation and penetration of marine salts in exposed
mortar specimens kept at these stations were determined over a
period of 6 months (26 weeks).

2.1. Mortar mix proportions and material properties

ASTM C270 [25] classifies cement–lime mortar types as M, S, N,
and O, depending on the strength needed for an application. Type
M mortar has the highest compressive strength, while Type O has
the lowest. The mix proportions of the five mortar mixtures (differ-
entiated by cement, lime, VA, FA, sand, and water content) used in
this investigation are presented in Table 1.

The cement–lime mortar (falling into the category of Type N in
accordance with ASTM C270) commonly used in Bangladesh for
external renders was used as control for making specimens to sim-
ulate the accumulation of atmospheric aerosol on buildings. Two
mortars classified as ‘‘N-VA” and ‘‘N-FA”, made from control N-
mortar with the same mix proportions but using 20% VA and 20%
FA (as replacement for cement) by weight, respectively. A fourth
mortar (named ‘‘Local”) without lime/VA/FA (weaker than ASTM
Type O normally used in rural low-cost construction), was used
as a basis for the manufacture of the fifth mortar (named ‘‘Local-
VA”) where 30% of the cement was replaced by VA (Table 1).

Type I Portland cement conforming to ASTM C150 [26], and a fly
ash that meets ASTM C618 [27] Class-F requirements were used.
N-VA N-FA Local Local-VA

0.8 0.8 1.0 0.7
0.7 0.7 0.0 0.0
0.2 0.0 0.0 0.3
0.0 0.2 0.0 0.0
5.6 5.6 12.0 12.0
1.4 1.4 4.0 4.0
403 403 112 113
190 190 112 79
0.300 0.300 0.083 0.083
0.82 0.82 4.00 4.00

2014 2010 2035 2031
256 250 255 258
94.5 95.0 96.0 94.0
1.9 1.9 2.5 2.7
7.4 7.5 1.5 1.2
1.18 1.20 0.16 0.13
17.2 17.1 20.0 21.0
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Volcanic ash was collected from the Rabaul area of the East New
Britain province of Papua New Guinea; the source was a volcano
called Mount Tavurvur. A well-graded natural river sand (with a
maximum size of 1.2 mm, a fineness modulus of 1.55, a swelling
coefficient of 1.38%, specific gravity of 2.61, and water absorption
of 1.52%) conforming to ASTM C144 [28] was used. Potable water
and a hydrated lime conforming to Type S as per ASTM C207
[29] were also used. Physical and chemical properties of the ce-
ment, lime, FA and VA are presented in Table 2.

2.2. Mortar preparation, specimens and testing procedures

The mortars were produced in the laboratory using a mortar-
mixer. All sand, hydrated lime, VA, and FA (as required) were first
added to 80% of the water and mixed for one minute. Then all the
cement and remaining water were added and mixed for another
4 min. The fresh properties of mortars such as consistency, incor-
porated air content, water retention capacity, and density were
determined as per ASTM C185 [30], ASTM C1506 [31], and ASTM
C1437 [32], respectively.

Cylindrical (50 mm � 100 mm) mortar specimens were pro-
duced. The specimens were removed from the mould after 24 h
of casting, and then kept in a chamber at a controlled temperature
(23 ± 2 �C) and relative humidity (RH > 90%) until tested or trans-
ported to monitoring stations. At the age of 28 days, the cylinder
specimens were tested to determine compressive and tensile
strengths as per ASTM C39 [33] and ASTM C496 [34], respectively.
Water absorption by immersion was also determined at the age of
28 days. The results of these tests are presented in Table 1.

At the age of 28 days and 200 days, an accelerated chloride ion
diffusion (ACID) test [35], commonly known as ‘‘migration test”,
was used to determine the chloride ion diffusion coefficient of
the mortars. In this test, a diffusion cell (volume: 785 ml) using
3% NaCl and 0.3 N NaOH as cathode and anode solutions, respec-
tively, was used. Mortar specimens of 50 mm diameter and
20 mm thickness were placed between the electrodes and an
electric field of 3 V/cm was applied to the electrodes. The amount
of chloride ions (Cl�) that migrated from the cathode through the
mortar specimen to the anode of the cell was determined by
measuring the concentration of the chloride ions in the anode
solution periodically. The amount of chloride ions (Cl�) vs. time
(days) produces a straight line, and the slope of this straight line
is termed ‘‘chloride ion flux” (fi). fi was used in the Nernst–Plank
Table 2
Physical properties and chemical composition of cement, lime, VA, and FA.

Cement

Physical properties
Specific gravity 3.14
Blain fineness, cm2/g 3740
Passing a 200 mesh Sieve, % –

Chemical composition (%)
Silicon dioxide (SiO2) 19.4
Aluminium oxide (Al2O3) 5.3
Ferric oxide (Fe2O3) 2.3
Calcium oxide (CaO) 61.8
Magnesium oxide (MgO) 2.3
Sodium oxide (Na2O) 0.2
Potassium oxide (K2O) 1.1
Equivalent alkali (Na2O + 0.658K2O) 0.9
Sulphur trioxide (SO3) 3.8
Loss on ignition 2.1

Bogue potential compound composition (%)
Tricalcium silicate (C3S) 53.8
Dicalcium silicate (C2S) 15.2
Tricalcium aluminate (C3A) 10.2
Tetra calcium aluminoferrite (C4AF) 7.1
equation (Eq. (1)) to calculate the chloride diffusion coefficient
(Di) [35]:

Di ¼
RTfi

IcFCidV
ð1Þ

where Di = chloride ion diffusion coefficient in cm2/s, R = universal
gas constant = 8.314 J/K mol, T = temperature in Kelvin, Ic = ionic
charge of chloride ion, F = Faraday constant = 9.65 � 104 C/mol,
Ci = chloride ion concentration in the anode chamber of the diffu-
sion cell, and dV = electric field in V/cm.

The electrical resistivity of mortars was measured at the age of
28 days and 200 days with an automatic LCR (inductance ‘L’, capac-
itance ‘C’, resistance ‘R’) meter by applying a 10 mV AC at 1 kHz
across saturated specimens (50 mm diameter � 50 mm thickness)
using copper plate electrodes [36]. The instrument gave a digital
display of the value of the electrical resistance, which was used
to calculate electrical resistivity.

The porosity and pore size distribution in terms of total pore
volume (TPV) were measured using mercury intrusion porosimetry
(MIP), which had a measuring pressure ranging from 0.01 MPa to
200 MPa [36]. The contact angle selected was 140� and the mea-
surable pore size ranged from 0.004 MPa to 144 lm. The samples,
which were in the form of pellets of about 5 mm in size, were col-
lected from the mortar specimens at 28 and 200 days and immedi-
ately soaked in acetone to stop further hydration. The samples
were dried in an oven at 60 �C for 48 h before testing.

After 28 days, the cylinder specimens were also transported to
the monitoring stations to study the accumulation and subsequent
penetration of marine salts from the atmospheric aerosol over a
period of 6 months.

2.3. Monitoring network and exposure conditions for mortar
specimens

In order to study the influence of the aggressive potential of
atmospheric marine salts on regional constructions, cylindrical
specimens manufactured from five types of mortar were exposed
to atmospheric marine salts in 12 monitoring stations. A satellite
map showing the locations of 12 stations in the greater Chittagong
metropolitan area is presented in Fig. 1. The stations were desig-
nated and identified by their distance from the coastal line, which
varied from 50 m to about 7 km. In order to reduce the effect of
ground roughness and ensure the safety of exposed mortar
Lime Fly ash Volcanic ash

2.32 2.08 2.15
– 3060 2850
86.2 – –

0.61 52.4 59.3
0.26 23.4 17.5
0.18 4.7 7.0
41.6 13.4 6.1
29.5 1.3 2.6
0.08 3.6 3.8
0.04 0.6 2.0
0.11 4.0 5.1
0.14 0.2 0.7
27.2 0.3 1.03

– – –
– – –
– – –
– – –



Fig. 1. Satellite map of the metropolitan region of Chittagong showing sampling stations.
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specimens, the stations were selected based on the availability of
an open area with cover and good wind circulation, and no inter-
ference from walls, trees, or other elements.

Mortar test specimens were placed at each of the stations for
exposure to atmospheric aerosol for a duration of 6 months
(25 weeks from April to September 2000) in order to identify the
effects of marine salts on the external renders (classified by five
types of mortars) (Fig. 2). The positioning of the set of test speci-
mens stayed constant in relation to the prevailing direction of
the local wind. The exposure duration of 6 months is critical and
justifiable because the prevailing wind from the south (sea) to
the south-east (land) and the higher wind speed bring more sea
aerosol to the land from the sea. As the study was concentrated
Platform for placing  
mortar specimens  

1500 mm  

300 mm  

Roof (600 mm x 600 mm) 

Post  

Ground  

Cylindrical mortar 
specimens  

Fig. 2. Typical exposed mortar spe
on the cumulative accumulation of marine salts at the sampling
stations during the whole study duration, it did not address the ef-
fect of varying meteorological conditions or the correlation be-
tween the accumulation of marine salts and the meteorological
parameters, or parameters associated with ocean’s aerosol
production.

2.4. Analysis of marine salts using ion-chromatography

To determine the salt content accumulated in various cylindri-
cal mortar specimens, samples were removed from two diametri-
cally opposite points (0.5 cm from the external surface) named
‘‘outer” and from the centre point, name ‘‘centre” (Fig. 2). This
0.5 cm    

Outer (o2)Outer (o1) 

Centre (c)  

0.5 cm      

N-VA 

N-FA 

N 

cimens at a sampling station.
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allowed the determination of the penetration of the salt ions
deposited on the surface (from atmospheric aerosol) to the inside
of the specimens. Material was removed for analysis using an elec-
tric drill. At each of the points, a 4 cm diameter hole was drilled to
collect an average of 3 g of powder for analysis; the powder was
stored in small polyethylene flasks. The ions were then extracted
in deionized water at ambient temperature by means of ultrasound
bath for 20 min. The extraction water was then analyzed by the
ion-chromatographic (IC) method using QuikChem 8000 [37]. A
typical IC system consists of a liquid eluent, a height-pressure
pump, a sample injector, an analytical column, and a detector with
chemical suppression.

The chloride in mortar/concrete can be considered to be chem-
ically bound (incorporated in solids), physically bound (adsorbed),
or free in aqueous pore solution [38]. Extraction of concrete with
nitric acid (as is the case for potentiometric titration procedure)
yields total chloride (both free and bound). Extraction with water
generally yields the free chloride, as is the case for IC. One of the
problems associated with extraction of chloride from mortar by
either water or acid is variable efficiency. IC used for the determi-
nation of chloride in mortar – and in the chloride migration study –
yielded better precision [38]. In this study, the choice of using IC
(besides its precision) was based on the premise that only free
chloride is significant in the corrosion process and hence, it is
important to study the comparative performance of different types
of mortars as building renders against salt penetration. Chemical
reactions occur inside building overlay materials, producing insol-
uble salts that cause part of the damage encountered in mortars, as
in the case of sulfatation processes. In this study, only the deposi-
tion/formation of soluble salts of the ions is considered aggressive
to the overlay material. The method of analysis of salts (both chlo-
ride and sulfate ions) by IC provided results that were equivalent to
that of ISO method 10304 [39].

The actual concentrations of chloride (Cl�) and sulfate (SO�4 )
ions derived from the atmosphere in the specimens after exposure
were obtained by deducting the concentration of these ions in the
blanks (respective mortar specimens kept in the laboratory and not
exposed to the atmospheric aerosol) from the concentration of
salts in the exposed mortar specimens.

2.5. Analysis of mortar samples by differential scanning calorimetry
(DSC)

The differential scanning calorimetry (DSC) test was also per-
formed on mortar samples taken from the specimens exposed to
marine salts for the duration of 6 months to quantify the formation
of Friedel’s salt (C3A�CaCl2�10H2O) and Ca(OH)2. The mortar sam-
ples used weighed around 60 mg. The samples were heated at a
constant heating rate of 10 �C/min to 1100–1200 �C, in a dynamic
helium atmosphere. The DSC data analysis gave graphs of heat flow
between the sample and reference crucibles vs. temperature. DSC
thermograms showed peaks due to endothermic (heat absorbing)
and exothermic (heat releasing) reactions. The Ca(OH)2 and Fri-
Table 3
Diffusivity, electrical resistivity, pore size, and DSC test results.

Mix ID Diffusion coefficient (Di) (� 10�7 cm2/s) Electrical resistivity (ER) (X

28 days 200 days 28 days 200 days

N 1.5 0.9 12 22
N-VA 1.3 0.7 13 32
N-FA 1.3 0.7 13 36
Local 2.0 1.6 6 9
Local-VA 1.9 1.1 8 16
edel’s salt contents are equivalent to the area (enthalpy) under
the respective endothermic peaks. The presence of Ca(OH)2 and
Friedel’s salts as an endothermic peak was observed at around
450 �C and 300 �C, respectively.

3. Results and discussion

3.1. Climatic characteristics of the region

Bangladesh is situated between 20�340–26�380 North Latitude
and 88�010–92�410 East Longitude. The country has a 724-km long
coast line and many small islands in the Bay of Bengal. Since the
country is situated close to the equator, aerosol production in the
Bay of Bengal is expected to be lower than high or low altitudes
such as Australia and Europe. The weather in Bangladesh is largely
governed by the monsoon. In Chittagong, wind blows from the
north-east (from land to sea) in the winter season and from the
south-east (sea to land) during the summer season. The wind
speeds exhibit strong seasonal cycles, and are lower in the Septem-
ber–February period and higher in the March–August period. The
wind also exhibits a diurnal cycle; it generally peaks in the after-
noon and is weakest at night. Frequency greater than 4 m/sec
was above 70% in June, compared with less than 7% in November.
During the duration of this study (April–September), wind speed
ranged from 2.9 m/s to 5.8 m/s (with a mean of 4.6 m/s), tempera-
ture ranged from 27 �C to 32 �C, humidity ranged from 78% to 88%,
and total rain fall was around 210 cm. The meteorological param-
eters such as temperature, humidity and rain fall did not consider-
ably vary during the duration of study. The wind speed also did not
vary significantly between May and September.

3.2. Mortar properties

The fresh properties of mortars such as consistency, incorpo-
rated air content, water retention capacity, and mass density are
presented in Table 1, along with the 28-day compressive and ten-
sile strengths and water absorption properties. Table 3 presents
the results of ACID, ER, MIP, and DSC test results. As seen from Ta-
ble 1, the addition of VA/FA slightly reduced the 28-day strength of
mortars, although strength is expected to improve in the long-term
due to pozzolanic action of VA/FA [23,24].

Table 3 shows that the diffusion coefficient (Di) (from ACID test)
decreases with the increase of curing time (from 28 days to
200 days) for all mortars and the addition of FA or VA in mortars
(N-VA, N-FA, and Local-VA) produces lower Di values. Lower Di val-
ues can be attributed to the beneficial effect of VA/FA in increasing
the long-term chloride penetration resistance of VA/FA based mor-
tars due to the continuing hydration of cement and VA/FA, which is
beneficial in reducing pore sizes and densifying matrix.

The electrical resistivity (ER) of the VA/FA based mortars is
higher and also increases rapidly with time (from 28 days to
200 days) compared with control mortars (Table 3). Electrical cur-
rent through hydrating cement mortar is electrolytic (mainly due
cm) Pore size (<20 nm) (% of TPV) DSC test results

Friedel’s salt (J/g) Ca(OH)2 (J/g)

28 days 200 days 200 days 200 days

15 20 8 65
20 30 12 34
20 33 13 36
10 13 5 45
12 20 9 22
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to the flow of ions through the pore spaces), hence ER is an indirect
measurement of porosity and diffusivity [40]. The high ER of VA/FA
based mortars would enhance their overall resistivity against mar-
ine salt penetration.

VA and FA are added as fine granulates; upon hydration they
have the capability of partially obstructing voids and pores. This
leads to a decrease of pore size with refinement of pore structure,
and to a smaller effective diffusivity for chloride or other salts, as
confirmed from the experimental results of Di and ER in Table 3.
The effect of VA/FA on pore size distribution within the TPV is ad-
dressed by presenting pore sizes less than 20 nm (micropores) in
mortars at 28 and 200 days (Table 3). The percentage of TPV that
is less than 20 nm increases with time and with replacement of ce-
ment by VA/FA. This indicates that the addition of VA/FA produces
a refinement of mortar pore structure and therefore improved salt
penetration/corrosion resistance. Previous studies reported that
the addition of fly ash leads to a decrease in concrete porosity,
which is directly related to its salt diffusivity [41,42]. A reduction
of chloride diffusivity in concrete to half its value was observed
as a consequence of a 50% replacement of cement by fly ash
[41,42]. Moreover, the chloride binding effect of fly ash reduces
the chloride diffusion coefficient.

Table 3 shows the results of DSC for the mortars at a curing age
of 28 and 200 days. The quantity of Ca(OH)2 formed in the hydra-
tion of the mortar decreases with the addition of VA/FA. Lowering
of Ca(OH)2 also indicates that the pozzolanic reactivity of VA/FA
consumes Ca(OH)2, resulting from hydration of the cement. The
pozzolanic reaction of VA/FA with Ca(OH)2 produces a refinement
of pore structure, as observed, and thus improves the salt penetra-
tion/corrosion resistance [36]. This is justified from the lower value
of Di, and higher ER in VA/FA based mortars (Table 3).

A portion of the chlorides permeating into the concrete by dif-
fusion along water paths or open pores react with the cement
hydration products (mainly tricalciumaluminates – C3A) to form
calcium chloroaluminate hydrate (Friedel’s salt) in a process called
‘‘chloride binding”. Table 3 shows that the quantity of Friedel’s salt
increases with the addition of VA/FA in the mortar. The presence of
higher amounts of reactive alumina in VA/FA may be one of the
factors that can adsorb more chloride ions to form Friedel’s salts.
Higher Friedel’s salt formation consequently lowers the levels of
free chloride, and hence reduces the chloride ion diffusivity of
Table 4
Cl� accumulation in mortar specimens.

Sampling
station

Distance
from sea (m)

1 (Outer location) 2 (Outer loca

Mortar type Mortar type

N N-VA N-FA Local Local-
VA

N N-V

Cl� accumulation (lg/g) Cl� accumul

1 93 252 237 229 345 328 249 234
2 152 198 186 180 271 257 190 179
3 207 145 136 132 199 189 151 142
4 452 72 68 66 99 94 75 71
5 811 55 55 57 75 72 57 54
6 1222 41 39 37 56 53 41 39
7 2105 33 33 33 45 43 32 30
8 3216 28 26 25 38 36 26 24
9 4019 26 24 24 36 34 27 25

10 5013 21 23 21 29 27 24 23
11 6105 18 17 16 25 23 18 17
12 7012 16 16 18 22 21 14 13

Accumulation (%)a 66 65 65 65 66 65 65
Range of concentration 16–

252
16–
237

18–
229

22–
345

21–328 14–
249

13–
234

a Accumulation up to 207 m as % of total accumulation along the entire sampling net
VA/FA based mortars [43]. On the other hand, ‘‘chloride binding”
reduces the quantity of C3A available for the sulfate ions to react
and form either gypsum or expansive ettringite, which improves
the sulfate resistance of VA/FA based mortars [44]. However, the
presence of carbonation can change this situation.

3.3. Accumulation of marine salts in exposed mortar specimens along
the sampling network

Tables 4 and 5 present the concentrations of Cl� and total SO�4
determined from different types of mortar specimens, after expo-
sure to the atmospheric aerosol for the duration of 25 weeks
(6 months). The salt concentration at the outer and central loca-
tions of the mortar specimens placed at various stations provided
a measure of the variation of salt accumulation with distance from
the shore line.

Cl� accumulation (as per both outer and centre locations) de-
creased with the increase of the distance from the sea (Fig. 3). Ta-
ble 4 shows higher Cl� concentration in test specimens at sampling
stations closer to the sea, mainly to about 207 m (sampling station
3). Fig. 4 shows that around 65% of the total Cl� along the monitor-
ing network was deposited within a distance of 207 m from the
shoreline. In other research studies [7,10], about 70% deposition
of Cl� was also observed in the first hundred meters from the sea.

With respect to total SO�4 the trend of decrease in accumulation
with the increase in distance from the sea was not observed (Fig. 5)
since a very small portion of this ion (incorporated into the local
atmospheric aerosol), had its origin from sea spray. Even at the
sites very close to the sea, there was much more enrichment sul-
fate than chloride in the test specimens (Fig. 3), which indicates
that the salts originating from the sea are not the only major source
of sulfate in the mortars. The sulfate bearing wastes (diverted into
the sea) from the industries near the shoreline can be a factor for
higher sulfate accumulation due to sea spray. The exposed mortar
specimens were also subjected to the deposition of gases such as
SO2 released from industries and traffic, which also contribute to
the accumulation of SO�4 . Sampling station 8 (at 3.2 km) confirmed
this fact, showing lower SO�4 concentration as it was situated in an
area of comparatively lower traffic and no industry. Even though
the sea spray is not the main source of the SO�4 , which is incorpo-
rated in the atmospheric aerosol of the region, the performance of
tion) 3 (centre location)

Mortar type

A N-FA Local Local-
VA

N N-VA N-FA Local Local-
VA

ation (lg/g) Cl� accumulation (lg/g)

228 349 329 170 158 151 292 255
174 266 251 140 130 124 235 210
138 211 199 117 109 104 180 176

69 105 99 53 49 47 88 79
52 80 75 44 41 39 73 66
38 57 54 30 27 26 49 44
29 45 42 25 23 22 43 38
24 36 34 19 18 17 32 29
25 38 36 19 18 17 28 28
22 34 32 16 15 14 27 24
16 25 24 13 12 12 21 19
13 20 18 11 10 10 18 16

65 65 65 65 65 65 65 65
13–
228

20–
349

18–329 11–
170

10–
158

10–
151

18–
292

16–255

work.
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Fig. 3. Mean Cl� accumulation on mortar specimens: (a) outer and (b) central locations.
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Fig. 4. Cumulative salt accumulation (%) with distance from the sea.

Table 5
SO�4 accumulation in mortar specimens.

Sampling
station

Distance from
sea (m)

1 (Outer location) 2 (Outer location) 3 (Centre location)

Mortar type Mortar type Mortar type

N N-VA N-FA Local Local-
VA

N N-VA N-FA Local Local-
VA

N N-VA N-FA Local Local-
VA

SO�4 accumulation (lg/g) SO�4 accumulation (lg/g) SO�4 accumulation (lg/g)

1 93 2205 2029 1962 2911 2844 2249 2069 2002 2969 2873 1354 1123 1074 2264 2196
2 152 813 748 724 1074 1049 821 756 731 1084 1060 519 431 412 854 828
3 207 730 672 650 964 942 715 658 637 944 951 491 407 390 757 734
4 452 880 810 783 1162 1135 898 826 799 1185 1147 565 468 448 917 881
5 811 859 790 765 1134 1108 851 783 757 1123 1115 579 469 438 939 901
6 1222 895 823 797 1181 1146 877 807 781 1158 1152 563 467 447 914 878
7 2105 886 815 789 1170 1134 904 831 804 1193 1141 597 483 457 993 958
8 3216 507 466 451 669 649 497 457 442 656 653 319 264 253 518 500
9 4019 1003 903 873 1344 1284 993 894 864 1331 1290 632 513 490 960 926

10 5013 1014 912 882 1358 1297 1024 921 891 1372 1304 647 497 485 1067 1046
11 6105 1015 914 883 1360 1299 985 886 857 1319 1306 635 515 493 1047 995
12 7012 980 882 853 1313 1254 960 864 836 1287 1261 616 488 438 1016 966

Accumulation (%)a 32 32 32 32 32 32 32 32 32 32 31 32 32 32 32
Range of

concentration
507–
2205

466–
2029

451–
1962

669–
2911

649–
2844

497–
2249

457–
2069

442–
2002

656–
2969

653–
2873

319–
1354

264–
1123

253–
1074

518–
2264

500–
2196

a Accumulation up to 207 m as % of total accumulation along the entire sampling network.
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different types of mortars subjected to aggressive SO�4 is revealed
in this study.

Fig. 4 shows that around 32% of the total SO�4 along the sam-
pling network is accumulated within a distance of 207 m from
the shore line. This indicates that the contribution of sea spray to
airborne Cl� deposition is much higher than that of SO�4 deposition.
Salt deposition, to a certain extent, represents the salt availabil-
ity in surrounding micro-environments and salt ions are able to
accumulate on the surface of the structures (the mortar specimens
in this study). It should be noted that the significant amount of
salts (present in marine aerosols) did not accumulate on the sur-
face of mortar specimens and thus did not penetrate them. The
study also shows that the percentage of available aerosols accumu-
lated depends primarily on turbulence intensity (controlled by up-
stream ground roughness) and only minimally on aerosol particle
size, while total accumulation depends on turbulence intensity,
surface area and mean air velocity [19].

3.4. Performance of mortars based on marine salt penetration
resistance

The salt accumulation and subsequent penetration into the
specimen were found to depend on the type of mortar – they were
lowest in Type N and highest in Type ‘‘Local” (Figs. 3 and 5). The
performance of different mortars in terms of marine salt (Cl�/
SO�4 ) penetration resistance index (SPRI) was studied based on cen-
tral Cl�/SO�4 accumulation expressed as% sum of outer locations
presented in Eq. (2):

SPRI ¼ 100dc

dO1 þ dO2
ð2Þ
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where dc is the Cl� or SO�4 accumulation at the centre location of
specimen in lg/g, while dO1 and dO2 are the Cl� or SO�4 accumula-
tion at the outer location 1 and 2, respectively, of the specimen in
lg/g (Fig. 2). SPRI provides a measure of penetration of salts from
the surface of the specimens to the centre.

Fig. 6 shows the variation of SPRI values for Cl� and SO�4 as ob-
served in different types of mortars in sampling stations. It should
be noted that a lower value of SPRI indicates higher salt penetra-
tion resistance. Figs. 6 and 7 indicate that the Cl�/SO�4 penetration
resistance is the highest for Type N-FA (mean SPRI of 34.9% for Cl�

and 28% for SO�4 ), followed by Type N-VA (mean SPRI of 35.7% for
Cl� and 29% for SO�4 ), Type N (mean SPRI of 36.6% for Cl� and 32%
for SO�4 ), Type Local-VA (mean SPRI of 41.9% for Cl� and 38% for
SO�4 ), and Local (mean SPRI of 43.4% for Cl� and 39% for SO�4 ).

It is well known that the much higher diffusion rate of chloride
ions (compared with sulfate ions) allows the chloride ions to per-
meate through the concrete surface much faster than the sulfate
ions. Higher SPRI of Cl� (ranging between 34.9% and 43.4%) com-
pared to SO�4 (ranging between 28% and 39%) confirmed that the
diffusion of Cl� through the mortar was faster than SO�4 . It should
be noted that capillary sorption also plays an important role in the
salt transport in mortar specimens exposed to atmosphere besides
diffusion.

Type ‘‘Local” mortars (both ‘‘Local” and ‘‘Local-VA”) showed
lower resistance to the aggressive action of sea salts with higher
values of SPRI compared with all Type ‘‘N” mortars (N, N-VA, and
N-FA). This result can be attributed to the presence of a low quan-
tity of cement with no lime or binder content as well as higher W/B
in ‘‘Local” mortars compared with ‘‘N” mortars (Figs. 6 and 7). The
decrease of cement/binder content in mortars generally increases
the porosity/permeability, thereby increasing the penetration and
transport of both ions into the material [8]. It was therefore easier
for both Cl� and SO�4 ions accumulated on the surface of the ‘‘Local”
mortars to diffuse and migrate to the centre. The higher water
absorption capacity of Type ‘‘Local” mortars (Table 1) may also ren-
der these materials less resistant to the penetration of salt ions via
atmospheric water vapor and to the subsequent harmful hydra-
tion/crystallization of salts inside.

The addition of VA or FA as replacement of cement in N and
‘‘Local” mortars (while keeping binder ‘‘B”, lime ‘‘L”, and W/B con-
stant) increases the Cl�/SO�4 penetration resistance of mortars (N-
VA, N-FA, and Local-VA). This is evident from the lower mean SPRI
values of N-VA/N-FA mortars compared with N mortars, as well as
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lower SPRI values in Local-VA mortars compared with Local mor-
tars (Figs. 6 and 7). FA mortars showed slightly higher Cl�/SO�4 pen-
etration resistance than VA mortars at similar VA/FA content.

3.5. Correlation between laboratory and field salt resistivity
characteristics of mortars

Fig. 8 shows a good correlation between Di and ER based on the
combined laboratory experimental data of all mortars at 28 and
200 days, where Di was found to be inversely proportional to ER.
This means that the diffusion coefficient of chloride ion through
the mortars could be derived from the value of its electrical resis-
tivity. The relationship between Di and ER can be expressed as Eq.
(3):

ER ¼ 654:95ðDiÞ�1:5277ðR2 ¼ 0:981Þ ð3Þ

where ER is in X cm and Di is in 10�8 cm2/s. Good correlation be-
tween Di and ER obtained in this study is attributed to the measure-
ment of Di at a steady state condition in ACID test (assume a
constant flux of Cl� from the cathode chamber through the sample
into the anode chamber) which does not account for chloride bind-
ing. Such correlation is difficult to achieve in the case of non-steady
state conditions. However, previous research by Clement et al. [45]
showed correlation between ER and Di in the case of non-steady
state condition. Andrade [46] emphasized the importance of estab-
lishing a correlation between ER and Di and described a graphical
relationship between them. Since electrical resistivity measurement
is simple and nondestructive, development of correlation equations
between ER and Di similar to that developed in this study (Eq. (3))
would be very useful for researchers and for field applications.

Figs. 9 and 10 show that relationships exist between laboratory
(Di and ER) and field (represented as SPRI) diffusivity data of Cl�

and SO�4 for mortars at 200 days. As expected (for both Cl� and
SO�4 ), a decrease in ER increases SPRI while an increase in Di in-
creases SPRI. This shows that the SPRI can provide a good measure
of marine salt diffusivity in mortars, and that its use to characterize
the salt penetration resistance of mortars in this study is justified.
ER shows slightly better correlation (compared to Di) with both Cl�

and SO�4 SPRI. Di (based on Cl� diffusivity) correlates slightly better
with Cl� SPRI than SO�4 SPRI, which is reasonable. It should be
noted that the ACID test method does not necessarily lead to the
same migration coefficients as natural diffusion tests, since it is
based on constant flux of Cl� from the cathode chamber through
the sample into the anode chamber. Such a constant flux of chlo-
ride ions does not exist in practical situations for two reasons:
chloride binding/de-binding in cement and the change of OH� con-
centration of the pore solution due to the electrochemical reaction
ER = 654.95(Di) -1.5277

R 2  = 0.9821
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Fig. 8. Correlation between Di and ER.
that occurs at the electrodes. This may be attributed to the slightly
lower correlation of Di (R2 = 0.86) compared to ER (R2 = 0.89) with
Cl� SPRI (Figs. 9 and 10).

4. Conclusions

This study has evaluated the hazard potential of marine salt
accumulation on the rendering materials (mortars) typically used
in construction. The aggressive potential was evaluated by per-
forming comprehensive laboratory tests and studying accumula-
tion/penetration of marine salts in five different types of mortar
specimens kept in monitoring stations within the metropolitan
area of Chittagong, Bangladesh, at different distances from the
sea. The following conclusions are drawn from the study:

� Cl� accumulation decreased with the increase of the distance
from the sea. Based on the accumulation on mortar specimens,
around 65% of the total Cl� along the monitoring network was
accumulated within a distance of 207 m from the shoreline.
The trend of decrease in accumulation with the increase in dis-
tance from the sea was not observed for the case of SO�4 since a
small portion of this ion incorporated into the atmospheric aer-
osol had its origin from sea spray.

� Generally, mortars with high cement content, lower water
absorption capacity, and lower porosity showed strong resis-
tance to penetration of sea salts. As a result, ASTM Type N based
mortars showed better salt penetration resistance compared to
‘‘Local” mortars having lower cement/binder content.

� The addition of fly ash (FA) or volcanic ash (VA) produced lower
chloride ion diffusion coefficient (Di) of mortars. The electrical
resistivity (ER) of VA/FA based mortars was also higher and
increased rapidly with age compared with control mortars
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(without VA or FA). The higher ER and lower Di of VA/FA based
mortars should enhance the overall resistance of such mortars
to marine salt penetration. The higher Cl� and SO�4 penetration
resistance of VA/FA based mortars was confirmed from the field
investigation of mortar specimens subjected to atmospheric
marine salt accumulation at the stations along the 7 km-long
monitoring network. This beneficial effect of VA/FA is attributed
to the refinement of pore structure, and the lowering of the pres-
ence of free chloride due to Friedel’s salt formation and pozzola-
nic action, as confirmed in this study.

� Correlations exist between diffusion coefficient (Di) and electri-
cal resistivity (ER) of mortars. The ER of mortars can be used to
predict Di in order to make the measurement very simple and to
make the nature of the test non-destructive.

� Correlations exist between Cl�/SO�4 diffusivity of mortars
(expressed in terms of salt penetration resistance index ‘‘SPRI”)
exposed to marine salts in field conditions and those obtained in
the laboratory from accelerated chlorine ion diffusion (ACID)
and electrical resistivity tests (Di and ER, respectively).

� Choosing a suitable mortar type that can be used as external
rendering to concrete structures can minimize the aggressive
attack of marine salts and enhance the durability of structures.
Low-cost VA/FA based mortars (N-VA, N-FA or Local-VA) with
better salt penetration resistance can be used as building ren-
ders to protect infrastructures from the aggressive influence of
airborne marine aerosol.

� The results of this study should assist in finding and recom-
mending suitable rendering materials for local construction that
are compatible with local environmental conditions. They can
also help to develop code-based guidelines for the use of such
materials in construction and maintenance of built infrastruc-
tures. Clearly, the use of the recommended materials can lead
to building economical, durable, and sustainable infrastructures
with longer service lives.
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