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Abstract: The contemporary sea walls built in the pedestrian seashore zone in the City of Acre, Israel,
were sided with porous calcarenite sandstone, so-called ‘kurkar’. Kurkar stone has been broadly
used as a durable building material in Acre and Jaffa, the Eastern Mediterranean offshore cities, since
ancient times. Therefore, the contemporary urban architectural plans obligate kurkar siding in the
modern structures erected beside the Old City of Acre. However, a rapid deterioration of kurkar
siding had occurred in the contemporary sea walls during only a few years. In contrast, the Historic
walls built of kurkar dimensional stone have been still sound. The current study has evaluated the
factors and causes of kurkar deterioration in the modern seawalls. It was revealed that the main
reason for deterioration was adhering the kurkar siding with cement mortar and the next exposure
of adhered siding to the humid and salt-enriched offshore environment with high air pollution.
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1. Introduction

Porous calcarenite sandstone, kurkar was used to siding the contemporary concrete
sea walls erected in the Panorama offshore promenade (The Panorama promenade is
placed along the Mediterranean coast of Acre City, northern to the margins of the Old
City, Figure 1. The Panorama was designed in 2002 as a sequence of the historic sea walls
of Acre and has been used as an offshore pedestrian promenade since 2005.) in Acre,
Israel (Figure 1). Kurkar siding plates were adhered with Portland cement mortar to the
concrete walls. Curkar sandstone has been broadly used in Acre and Jaffa, the Eastern
Mediterranean offshore cities, since ancient times. This local stone has always had a
reputation of durable building material. Therefore, the contemporary urban architectural
plans in the modern City of Acre obligate kurkar siding in the contemporary structures
erected beside Acre’s Old City.

As was published elsewhere, Israel calcareous sandstone is a strongly anisotropic
material [1]. Anisotropy is determined as a petrophysical characteristic of natural stones
that describes their quality and soundness against decay upon the impact of various
harmful agents, such as water, salinity, air pollution, etc. [2]. Anisotropy of rocks’ physical
properties is mostly due to specific microstructural characteristics, such as the aligned
grain fabric, crystallographically preferred orientation within the grains, or the void space’s
geometry [3].

1.1. Historical Background of the Place

Acre is one of the ancient continuously inhabited sites in Israel. It had been mentioned
in documents since the end of the 14th century BC [4–6]. During the Hellenistic and Roman
periods (4th century BC–5th century AC), the Phoenician City of Acre was known as
Ptolemais [7]. As mentioned in the New Testament, Ptolemais was one of the stops on
Paul’s final return to Jerusalem [8]. Around 1170 AC, Acre became the main port in the
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Crusader kingdom of Jerusalem. The Crusaders called the city “Saint-Jean d’Acre” [9]. The
historic sea walls were constructed here in the Crusader Period (1099–1291).
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However, Mameluks (Muslims) destroyed the Crusader city to foundations after the
Siege of Acre (1291), although the City was defended by two lines of thick walls and twelve
towers down. Between the 16th and 20th cc., Acre was under the rule of the Ottomans.
In the 18th century, Ottomans utilized the Crusader walls’ remnants as a foundation for
erecting their walls (1750–1840). The Old City’s Historic walls were constructed by the
methods particular for the Ottoman architecture of that historical period. Initially, the
Wall was thin: its height was 10 to 13 m and its thickness—only one meter. In 1799, these
walls survived the sea attacks of Napoleon’s troupes during his Egyptian campaign. Thus,
a heavy land defense wall was built north and east to the City in 1800–1814. In years
1918 to 1947, the Citadel of Acre was used by the British mandate as a prison. During the
Independence war of 1948, Acre was besieged by Israeli forces. Today, Acre is populated
by about 50,000 inhabitants. In 2001, the Old City of Acre was designated by UNESCO as a
World Heritage Place.

1.2. Materials and Construction Methods Used in the Panorama Sea Walls

Following the ICOMOS and UNESCO decisions and recommendations on the es-
tablishment of buffer zones for setting the heritage structures, sites, and areas, Acre’s
municipality has adopted the Master Plan, including the development of the buffer areas.
According to the Master Plan, the buffer zone’s contemporary structures should have an
appearance esthetically compatible with the Old City of Acre’s historic look. The erection
of the modern Panorama walls began in 2001 and ended in 2004. The Historical Sea Walls,
Figure 2, were built of the dimensional sandstone termed “kurkar,” which is a porous
aeolian calcarenite [1,10]. Thus, external siding made of kurkar sandstone has been im-
plemented in the contemporary Panorama Sea Walls, which have been built as vertical
concrete walls, Figure 3. The concrete used in these walls was ready-mix concrete (w/c
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ratio of 0.5). The characteristic compressive strength of the concrete at the age of 28 days
was 43 MPa. The walls were cast in situ against sandstone veneer siding. The design
scheme of a stone veneer is shown in Figure 4. The stain-steel grid was anchored to the
wall after maturing the concrete. They filled a gap between a stone veneer and the wall
with the cement-based mortar afterward. The porous sandstone siding was joined with the
steel grid by hooks.

The project’s design specifications have required a nominal thickness of 150 mm for
sandstone siding, five times more than the minimum requirements detailed in SI 2378 [11].
This thickness was supposed to be reliable enough for minimizing the harmful impact of
the severe offshore conditions on the steel anchors. The contractor carried out some tests of
the physical and mechanical features of the used kurkar sandstone to check whether the
kurkar sandstone meets the requirements of SI 2378. The results of the physical properties
are summarized in Table 1. These results obviously show that the kurkar stone failed to
meet any minimal requirements of SI 2378. However, the average modulus of rupture was
high. Thus, the project’s supervisors decided to continue with siding made of this porous
kurkar stone.
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Table 1. Properties of original kurkar sandstones used in the Panorama Sea Walls.

Property Minimal
Value

Maximal
Value Average Standard

Deviation

Requirements
for Average
Value [11]

Test Method

Bulk density, kg/m3 1850 2120 2010 106 ≥2500 ASTM C97-18
[12]

Total water absorption,
mass % 3.4 8.64 6.1 1.6 <2 ASTM C97-18

[12]

Capillary water
absorption, g per m2

per hour
2400 2680 2600 55 ≤500 EN 1925–1999

[13]

Modulus of rupture,
MPa 2.7 8.6 4.9 1.7 > 3 ASTM

C99-2000 [14]

2. Defects Appeared in the Panorama Sea Walls

The numerous defects in the stone veneer have appeared in the next four years.
According to the classification systems of the defects and pathologies usually observed in
the natural stones [15], these defects could be classified as:

- Group 1—Loss of stone material:

# Back weathering due to loss of crumbs/splinters, Figure 5;
# Back weathering due to loss of undefinable stone aggregates/pieces, Figure 6;
# Rounding/notching, Figure 6;
# Weathering out of stone components, Figure 7;
# Break out, Figure 8.

- Group 2—Coloration/Deposits

# Efflorescence, Figures 7 and 10;
# Coloration, Figure 9.Appl. Sci. 2021, 11, x FOR PEER REVIEW 6 of 21 
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Figure 10. An efflorescence of kurkar siding in the Panorama sea walls. Captured by the author on
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Except for stones’ coloration, these defects have not been observed anytime in the
historic sea walls built with the dimensional kurkar stone. Thus, a comprehensive study of
the new stone siding has been carried out to reveal the reasons for its deterioration in the
contemporary Panorama Sea Walls.

3. Experimental and Results

It has always been known that stone quality is the main parameter affecting buildings
and constructions’ long-term sustainability. Taking into account the fact that the patholog-
ical defects have appeared in the Panorama Sea Wall (“exposed in an open place”) only
a few years after the erection of the wall, one could assume that the qualitative method
of assessment proposed by Vitruvius (Vitruvius [16] wrote 2000 years ago: “ . . . All these
soft kinds have the advantage of being easily worked as soon as they have been quarried.
Undercover, they play their part well; but in open and exposed situations, the frost and
rime make them crumble, and they go to pieces. On the seacoast, too, the salt eats away
and dissolves them, nor can they stand great heat either. But travertine and all stone of
that class can stand injury whether from a heavy load laid upon it or from the weather;
exposure to fire, however, it cannot bear, but splits and cracks to pieces at once [ . . . ] Let the
stone be taken from the quarry two years before building is to begin, and not in winter but
in summer. Then let it lie exposed in an open place. Such stone as has been damaged by the
two years of exposure should be used in the foundations. The rest, which remains unhurt,
has passed the test of nature and will endure in those parts of the building which are above
ground. This precaution should be observed, not only with dimension stone but also with
the rubble which is to be used in walls.”) This suggestion proposed two thousand years
ago looks to be an entirely true one. However, there is no chance that anybody involved
in the tight timetables of the modern construction process will implement this method
of natural two-year-long aging to evaluate the durability of the natural stones and reveal
their compatibility with the specific service conditions. Currently, there is not any necessity
to wait for such a long period (two years) to assess the stone’s quality. A combination
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of the modern comprehensive macro-and microstructural analyses with the accelerated
weathering tests could provide an architect, a civil engineer, and a contractor with essential
information on the stone’s durability. Unfortunately, the contractor carried very scarce
tests before the construction of the Panorama Sea Wall. Thus, the current investigation was
carried out to answer two main questions:

• Was it realistic to predict kurkar stone durability trends before its implementation in
the Panorama Sea Wall?

• What factors have led to the quick deterioration of kurkar stone siding in the contem-
porary Panorama Sea Wall, although the kurkar stones in Acre’s historic sea wall were
less deteriorated?

3.1. Mineral Composition

X-ray diffraction, XRD, was used to determine the majority and minority (with content
up to 1–2% (weight percent).) minerals in the kurkar stone, see Figure 11.
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Figure 11. XRD diffraction of kurkar sandstone.

The main minerals determined were calcite, CaCO3, and quartz, SiO2. The sec-
ondary minerals found in the kurkar sandstone were albite, NaAlSi3O8, and biotite K(Fe,
Mg)3AlSi3O10.

Petrographic analysis of the kurkar stone was performed in a thin section by polarized
light microscope Olympus-2. The petrographic thin sections were prepared after impregna-
tion with polystyrene resin under vacuum, then slicing and polishing a slide to 0.03 mm
thickness. The film sections were also stained with Alizarin Red to differentiate calcite
from dolomite. The petrographic descriptions were done according to [17,18].

The investigated kurkar stone consists of well-sorted subangular to subrounded
quartz, minor amounts of feldspar, heavy minerals, and allochems, all ca. 0.2 mm in
size and constituting no less than 50% of the texture, Figure 12a. Sand grains are firmly
cemented by micro-sparitic to dominantly micritic calcite of the different grain-size with
minor porosity. Figure 12 shows the contact between the micritic cement (upper part of
the picture) and the microsparitic, coarser calcite cement (lower part of the photo). Calcitic
cement of kurkar is very heterogeneous, Figure 12a. Most pores are in micritic cement,
Figure 12b. There were observed signs of recrystallization of calcite in the pores, Figure 12b.
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3.2. Physical Properties and Strength

The comprehensive study of the physical properties of unweathered (new) kurkar
stones and weathered stones drilled off the Panorama Sea Walls was carried out to reveal
kurkar deterioration trends. Considering the anisotropy of kurkar sandstone [1], the
physical properties and strength of kurkar stone were tested in two directions: parallel
to rift and perpendicular to it. (The rift is the plane along which the stone cleaves with
the greatest ease [19]. The rift is due to parallel cracks in the quartz of the rocks. The rift
plane’s effect on the physical and mechanical properties of the natural stone was discussed
in detail elsewhere [20,21].) Saturation (Hirschwald’s) coefficient was calculated as a ratio
of capillary and total porosities [22]. Hirshcwald’s coefficient has been widely used for
estimating the stones’ softening trends since 1911 [22]. The Hirschwald’s coefficient is the
saturation ratio of the sample obtained from the 24 hours’ porosity test. It quantifies the
proportion of the porous network that is freely accessible to water under natural absorption
conditions. This coefficient was found to be a beneficial one for assessing the trends of
building stones’ durability [3,19–23]. The saturation ratio (≤1) is linked to the porous
structure’s connectivity: a high saturation coefficient often means high connectivity [24].
Stones with high saturation coefficient are substantially more susceptible to weathering,
especially to frost weathering [3,19]:
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• S > 0.85—susceptible.
• 0.75 < S < 0.80—moderate resistant.
• S < 0.75—frost resistant.

Generally, the frost climate conditions are a sporadic event in Acre Bay. However,
Hirshcwald’s coefficient is a more straightforward, smarter, and faster way to estimate
weathering trends of stones subjected to the salt crystallization. As the results published
elsewhere have revealed, this approach is possible: the life cycle of sandstones subjected
to the salt crystallization might be at least twice shorter than during their exposure to
frost weathering [25]. One of the most critical issues affecting sandstones’ resistance to salt
weathering is the drying rate function, i.e., the sandstones characterized by a relatively
slow drying rate show very intensive scaling damage [26].

The test of water evaporation capacity was carried out for both unweathered and
weathered kurkar stones according to the procedure described in [24]. The ratio between
amounts of evaporated water and water absorbed in 7 days was calculated.

The results of the tests are summarized in Table 2.

Table 2. Properties of weathered versus unweathered kurkar stones.

Property
Unweathered Stone Weathered Stone (Cored from the Wall)

Minimal
Value

Maximal
Value Average Standard

Deviation
Minimal
Value

Maximal
Value Average Standard

Deviation

‘Capillary absorption coefficient,

g per m2 per hour
1
2

1747 25,398 13,569 8924

- parallel to rift plane 1601 1907 1777 158

- perpendicular to rift plane 2073 3176 2765 603

Total water absorption, W, mass
% 3.3 10.4 4.8 n/a 3.7 13.0 7.3 n/a

Saturation (Hirschwald’s)
coefficient [22] 0.76 0.80 0.78 n/a

- parallel to rift plane 0.3 0.5 0.35 n/a

- perpendicular to rift plane 0.4 0.6 0.52 n/a

Water evaporation capacity, w. %,
after

- 24 h; 68% 30%

- 96 h; 90% 83%

- 168 h n/a n/a 100% n/a n/a n/a 91% n/a

Compressive strength, MPa

- load parallel to rift plane 6.3 34.4 14.0 8.8 6.8 25.6 11.7 8.6

- load perpendicular to rift
plane 3.7 12.5 6.6 3.0 2.1 10.1 5.1 2.2

Modulus of rupture, MPa

- parallel to rift plane 4.2 8.8 6.2 1.7 2.8 4.0 4.0 1.4

- perpendicular to rift plane 3.3 6.0 4.9 1.1 n/a n/a n/a n/a

The results presented in Table 2 have revealed the severe deterioration of kurkar
sandstone caused by stone weathering in exposure to the hazardous offshore conditions.
In comparison to unweathered kurkar stone, the weathered samples were characterized by
the following properties:
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- The decreased compressive strength and modulus of rupture, i.e., a drop of 16 to 23%
and 18 to 35%, respectively.

- The capillary absorption rise: 4.9 to 7.6 times as much as of the original unweathered stone.
- The total absorption has dramatically risen due to weathering, and it was 1.5 times

more than in the original unweathered stone.
- A sharp decline of the initial evaporation capacity was observed: about twice as less

as in the unweathered stone.
- An increase in the saturation (Hirschwald’s) coefficient of weathered stones is more

than twice as high as observed in the unweathered samples.

3.3. Soundness

Figure 13 presents the original curkar sandstone pictures and the weathered one
after their exposure to the accelerated weathering test. The soundness of kurkar was
estimated by evaluating the changes in the capillary absorption, modulus of rupture, and
loss of weight after the laboratory exposure of unweathered kurkar stone to 15 accelerated
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The average capillary absorption coefficient of kurkar sandstone after its exposure to
the soundness test was as follows:

- Perpendicular to rift plane—from 3291 to 4956 g per m2 per h
1
2 or 2.9 to 4.4 % (w. %).

- Parallel to rift plane—from 3989 to 4227 g per m2 per h
1
2 or 3.5 to 3.8% (w. %).

After the accelerated weathering test, the modulus of rupture measured perpendicular
to the rift plane was 2.8 to 4.0 MPa. Thus, a drop of 30% in the modulus of rupture should
be considered. After accelerated weathering cycles, a loss of kurkar sandstone weight was
0.6 to 1.7% (w. %).

4. Discussion

As was stated previously, drawing on the statements presented in [1] and basing on
the results in Table 2, the original kurkar sandstone could be considered as a strongly
anisotropic material. Generally, anisotropy is defined as a directional dependency of
stone properties that determines the quality and resistance of stone against decay caused
by harmful agents, such as water, salts, and air pollution [2,3,25]. Furthermore, kurkar
sandstone’s heterogeneous mineralogical composition hints at the possible deterioration
when the stone is exposed to a hazardous environment. Micritic calcite (see Figure 11) has
a poorly washed sandstone texture with a clay-enriched matrix that has not been leached
yet [16,17].

Calcite, CaCO3, is one of two main minerals of kurkar sandstone. Weathering of
calcite in the offshore zone might dissolve its calcium ions and form gypsum crust at the
stone surface.

The breeze shoves salty seawater into the stone. This salted water is intensively
absorbed by porous kurkar because of capillary forces. Therefore, the pore solution be-
comes gradually supersaturated. Thus, the salts like halite, NaCl, sanderite, MgSO4·2H2O,
epsomite, MgSO4·7H2O, thenardite, Na2SO4, mirabilite, Na2SO4·10H2O and gypsum,
CaSO4·2H2O might crystalize from the supersaturated pore solutions. Their crystallization
is followed by the very high crystallization pressure (~100 MPa) destroying stone [28].
Accelerated weathering test of kurkar stone in sodium sulfate solution, see Figure 13, has
shown that kurkar sandstone is prone to destructive pressure during salt crystallization.
The physical and mechanical properties of kurkar sandstone have been worsened after nat-
ural weathering in the Panorama Sea Wall, see Table 2, and after the accelerated weathering
test, as well. Both weathering processes, the environmental one and the accelerated one,
have caused a loss of stone material and led to the efflorescence process. The tests carried
out in the current study have reaffirmed the standard accelerated-weathering test [27] in
predicting stone durability’s trends. Thus, an accelerated weathering test before setting
the stone in outside veneers might help ensure their quality. Unfortunately, this test was
disregarded entirely during the construction of the Panorama Sea Walls.

The petrographic analysis, Figure 12, has revealed the substantial amounts of feldspar
minerals in kurkar sandstone. XRD analyses have explained that the type of feldspar in
kurkar sandstone is albite. Biotite (sodium aluminum silicate) found in kurkar sandstone
is a phyllosilicate mineral in the common mica group. Unfortunately, the years 1995–2015
were characterized by extremely high levels of air pollution (NOx, SO2, and CO2) in Haifa
and Acre Bays adjacent to the big industrial zone and the high traffic areas (The historical
data on the levels of air pollution could be found in the database of Israeli Ministry of
Environmental Protection (https://www.gov.il/en/departments/topics/reducing_air_
pollution). Following a 2015 government decision, implementing the 2015–2020 National
Plan to Reduce Air Pollution in Haifa and Acre Bays began in 2016. The National Plan,
which has a budget of NIS 115.5 million, is expected to reduce industrial air pollution in
the Haifa Bay vicinity, incl. Acre Bay by 50% [29–31]. According to the NUMBEO database,
the air pollution index in Acre, Israel is ca. 75, which is high [31]). Weathering of albite
feldspar and biotite mica under these conditions might cause their chemical alteration and
decomposition under the following scenario:

https://www.gov.il/en/departments/topics/reducing_air_pollution
https://www.gov.il/en/departments/topics/reducing_air_pollution
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(a) Sulphuric and nitric acids, which are supplied by acid precipitation because of air
pollution, take over from carbonic acid in weathering reactions of albite, which
induced a decrease in the atmospheric/soil CO2 consumption by weathering [32].
The high air pollution in the urban environment causes dissolving CO2 in water and
carbonic acid formation afterward. This process promotes the mineral weathering of
albite feldspar in kurkar sandstone and results in albite kaolinization [32–34]:

Albite + 5.5H2O + CO2 = HCO3
− + Na+ + 2H4SiO4 + 0.5Kaolinite

Generally, kaolinization is a long-term process. However, this process is strongly
enhanced by the hot, humid climate and acidic pH, and its time is reduced dramatically [35].

Biotite is also a mineral of a highly sensitive nature, and it has a strong tendency to
kaolinization when exposed to elevated temperatures and a non-neutral acidic pH [36]. Fur-
thermore, it is might also be partially degraded upon low and high alkali pH values [32–34]

(b) Kurkar sandstones in the Panorama Sea Walls have always been exposed to the
non-stop dry–wet cycles in acidic and alkaline environments with high levels of air
pollution (acidic pH ca. 4.0 (estimated) and seawater breeze (alkaline pH ca. 8.5–9.0),
respectively. The dissolution reactions of albite and calcite minerals that form cement
in sandstone are too spontaneous in an acidic environment. In an alkaline solution,
the dissolution reaction of quartz in sandstone is spontaneous [25,28]. The dissolution
of the large amounts of sandstone cement explains kurkar crumbling (see Figure 5)
and a sharp decrease in the mechanical properties of naturally weathered kurkar
(see Table 2). A sharp rise in capillary absorption could be partially attributed to
quartz (aggregate) dissolution leading to the high sandstone porosity, see Figure 7.
A dissolution of silicon and a release of iron (II) ions from biotite subjected to the
solutions with the low and near neutral (alkali) pH is found to occur within the first
ten months of exposure [32,34]. The oxidation of iron (II) to iron (III) in Panorama Sea
Walls’ sandstone might be a rapid process given the seawater chlorides absorbed by
kurkar. Furthermore, the rusty coloration of kurkar, see Figure 9, has resulted from
these redox reactions of iron phases released by biotite because of its degradation.

(c) The walls were cast in-situ against sandstone veneer siding. Thus, one can conclude
with confidence that kurkar stone has been, for at least 28 days, in direct contact
with fresh and hardening cement-based matrix, which means that kurkar absorbed
high pH alkali solutions from concrete. It is common knowledge that the pH of fresh
and hardening concrete is ca.12 to 13, and alkalis in it are Ca2+ (major alkali) and
Na+& K+ (minor alkalis).). Furthermore, salt-containing seawater breeze and acid
air pollution in Acre Bay have promoted the formation of significant efflorescence at
kurkar face surface, see Figures 7 and 10 (The chemical composition of such efflores-
cence might be variable and consists of the following salts: halite, NaCl, thenardite,
Na2SO4, mirabilite, Na2SO4·10H2O, thermonatrite, Na2CO3·H2O, gypsum anhydrite,
CaSO4 and gypsum, CaSO4·2H2O, depending on (a) seawater moisture content in
kurkar sandstone, (b) concentration of alkalis absorbed by sandstone from fresh and
hardening mortar/concrete and (c) levels of the local air pollutions [28–42].

Those mentioned above physical and chemical processes caused a loss of kurkar
components, see Figure 7; breaking out the stone matter, see Figure 8, and the rusty
coloration of kurkar, see Figure 9.

The study of the mineralogical composition by petrographic analysis and XRD test
has shown that the secondary minerals in kurkar sandstone have been responsible for
some weathering processes in the Panorama Sea Wall. The study of the mineralogical
composition of stone before beginning the construction process is a well-known and
reliable method to reveal the likely trends of stone weathering over the lifetime of stone
covering. Unfortunately, this analysis has not been mandatory in Israel in the relevant
period. Therefore, it was completely disregarded during the construction of the Panorama
Sea Walls.
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The physical and mechanical properties of kurkar sandstone have been sufficiently
altered and worsened even after a concise service life of the Panorama Sea Walls (see
Table 2):

• Water absorption and Hirshwald’s coefficient have been substantially increased;
• Water evaporation and mechanical strength have been considerably decreased.

Generally, the high water absorption of natural stone together with its prolonged
moisture evaporation (i.e., lousy breathability), and the unstable mineralogical composition
are the well-known warning signs of probably rapid decay of external stone cladding in
the course of exposure to severe hazardous environmental conditions, as explained in
Figure 14. This situation was in the case with the Panorama Sea Wall, i.e., increasing the
water absorption and worsening the evaporation characteristics of kurkar sandstone in the
course of its service life have been a source, an accelerator, and an outcome (a loop process)
of physical weathering, chemical alteration decay degradation of wall siding. Furthermore,
this process also led to the low strength characteristics of stones (see Table 2).
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Impact of Construction Technology on Durability of Kurkar Sandstones in the Historic Sea Walls
Versus the Panorama Sea Walls in Acre

The tests of water absorption and mechanical strength of new stones are mandatory
in Israel. The total water absorption of stones used in Israeli buildings’ external cladding
should be less than 2% (weight %) [8]. However, the project planners decided at the
design phase that kurkar stones in the Panorama Sea Walls need not meet this standard
specification requirement. This decision was adopted due to the time-honored successful
experience with kurkar masonry in Acre’s historic seawalls. Unfortunately, this approach
was completely wrong because of the different aging behavior of thick dimensional stones
in the landmark sea walls compared to the thin stone cladding in the modern Panorama
Sea Walls.

The critical fact is that the historic seawalls in Acre were constructed more than
200 years ago. The historic masonry construction was based on adhering the blocks of
dimensional kurkar ashlar stones using air lime mortar. This kurkar stonework was
very popular in offshore construction in Israel till the 1950s, and since the 1960s, the
dimensional stones have not been used at all in Israeli construction. Generally, because of
the replacement of dimensional building stone in masonry with concrete blocks. These thick
dimensional stones in the historical sea walls look today less deteriorated than kurkar stone
plates used as the modern Panorama Sea Walls’ cladding. (The deterioration and structural
problems of stonework in the historic sea walls were described and thoroughly analyzed
in the conservation project [40]). A primary reason for this discrepancy in weathering
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behavior of kurkar sandstones exposed to the same external environmental conditions are
the different construction technologies:

• The ashlar kurkar blocks, ca. 0.3–0.6 m long, thick, and wide by size, were used in
the Historic Walls’ stonework in Acre. In these Walls, the bed joints were made of
air lime mortar, [41], see Figure 15. Air lime mortar covered ca. 15% of each kurkar
block’s total surface, and the rest of the body has been left breathable and useful for
the evaporation of moisture from the historic sea walls.
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Figure 15. Acre historic wall with the lime-mortar bed joints (source: https://commons.wikimedia.
org/wiki/File:Acre_-_wall.JPG. Accessed on 11 November 2020).

The modern Panorama Sea Walls are constituted of the reinforced concrete wall cast
against the porous sandstone veneer. This stone veneer has been made of kurkar plates ca.
0.3–0.5 m long and wide and up to 0.15 m thick by size, see Figure 4. The joints between
the stones in the veneer and the veneer’s background consist of Portland cement mortar
and concrete, respectively. Portland cement matrix covered ca. 70% of the total surface
of the kurkar plate, and only 30% of the surface is useful for the evaporation of moisture
from the wall. However, Portland cement mortar is always much denser than air lime
mortar, whether its evaporation ability is far less than that of the last one. This fact is the
core reason why cement-based mortars are not breathable enough. Thus, the deterioration
reactions involving the hazardous environmental agents and moisture absorbed by kurkar
stone have spread much quicker and intensively in the modern Panorama Sea Walls
than the historic sea walls in Acre. Here, the hazardous environmental agents are the
high humidity and salinity common in the Mediterranean offshore zone and the local air
pollution. In combination with high water absorption of kurkar sandstone and its unstable
mineralogical composition, Portland cement mortars and concrete have quickly caused a
severe worsening of the physical and mechanical properties of kurkar sandstone siding in
the Panorama Sea Wall (see Table 2) and to the apparent defects, as shown in Figures 5–10.

The contemporary architectural conservation science ABC strictly prohibits Portland
cement mortars in the masonry built of porous sedimentary stones, especially sandstone.
The architectural conservation projects carried out since the 1990s have revealed a de-
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structive effect of Portland cement mortars on stonework [42–46]. On the contrary, the
modern construction codes and standards have been entirely loyal to the implementation
of Portland cement mortars and concretes in stone veneer siding. The Panorama Sea Walls
in Acre are the contemporary walls designed to stand in the context of historical legacy.
However, as has been previously emphasized, the modern construction technology used in
the contemporary sea walls is entirely different from the historical one. Portland cement
was used in the Panorama Sea Walls in Acre and air lime in Acre’s historic walls. Thus, the
accelerated deterioration of kurkar sandstone siding in the Panorama Sea Walls has been
sufficiently promoted by Portland cement bed mortars and concrete.

5. Conclusions

Generally, when the contemporary structure is designed in the historic legacy context,
the architectural and aesthetic forms of the modern and historic structures are guaranteed.
However, the contemporary and historic construction technologies could be completely
different, as was in the historic sea walls and the modern Panorama Sea Walls in Acre
City. Thus, the durability of the similar stones used in the historic and contemporary
structures has been entirely different. One should remember that sandstones, along with
the air lime mortars, are the traditional masonry materials. The conventional masonry
technologies have proved themselves as falling into line with the durability trends of
sandstones. However, the same kurkar sandstone has been used in the contemporary sea
walls, not in the dimensional thick blocks, but as thin siding plates. Steel anchors and grids
have fixed these sandstone plates to the structural concrete background cast against the
stone veneer. Portland cement mortars and concretes are widely used in contemporary
structures to protect the steel reinforcement and fixing elements from corrosion. However,
the expected long-term durability of stone veneers used in modern structures might be
substantially diminished because of damages in the porous stones caused by Portland
cement mortars and concretes. Natural stone veneers should not be implemented in the
contemporary concrete sea walls if a wet fixing method basing on Portland cement mortars
and concretes is used.
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