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A CAUTIONARY NOTE

Evény effort has been made to record both fully and accurately
those significant aspects of the geomorphoIbgy, geology and pedology
of Bahrain which were observed by the survey team and which have a bear-
ing on its surface materials resources. .

Nevertheless, for the reasons stated in the body of this report,
there may remain errors of omission which necessitate that this report
and the accompanying maps must be treated as work carried out at a
reconnaissance level. In particular all the maps must be used with the
undersfanding that they indicate relative locations and relationships
rather than the exact dimensions of features and deposits. '

For the most part the scientific terms used are defined in the text
and appendices. In many instances thié report follows the recommendations

in The Preparation of Maps and Plans in terms of Engineering Geology

(Quart. J1. Eng. Geol. 5(4), 1972). However, as the members of the team
are in the main neither engineers nor‘engineering geologists by profession,
and some of the evaluations therefore may nct be in precisé engineering
(soils and rock) terms, and must not be construed to be such.

This report presents the results of a feasibility study. It is not
a site investigation. The data only provides a guide for future site
investigations. The pit descriptions'thét accompany tﬁis report are tﬁose
of geologists, geomorphologists and pedologists working in the field.
They are therefore subjective and should not be taken as precise engineer-
ing descrfptions.

A1l laboratory results ar;vva1id only within the constraints and
limitations imposed by the tests employed.

The Universities who employ the survey members are in no way

responsible for any element of this report.



-V HAZARDS ASSOCIATED WITH SALT WEATHERING IN BAHRAIN

V.1 INTRODUCTION

Several natural hazards of engineering significance occur in Bahrain,
and one to which the Survey devoted special attention is that of salt-weathering.
This hazard is met in two significant ways. In the first instance the salt-
weathering of materials used in the construction industry renders some less
suitable than others for construction purposes. Secondly, the foundations
of buildings and other structures in Bahrain (as in some other hot arid lands
of the world) are known to be susceptible to attack by saline ground-waters.

It is to these two problems that the Survey paid special attention since they
are of such importance. In particular the team concentrated on the spatial
aspects, the regional variations across Bahrain, of this hazard. The $a1t-
weathering hazard is very complex in its behaviour (see Fookes and Collis,
1975). This Report draws attention to the information gathered by the Survey
and which should be taken into account both in the management (planning) of
Bahrain and in future systematic studies of the hazard itself.

Since an understanding of the salt-weathering hazard is of pressing
urgency in the developinent of Banrain it is described in Section V.2 before
the results obtained by the Survey are presented. It is nevertheless important.
to emphasise that this is a very complex area cof study which demands much

greater study than was possible during the time available to the Survey team.

V.2 SALT WEATHERING HAZARD

1. Introduction to the Hazard

The presence of saline solutions and salts in materials used by the
construction industry and in buildings, roads and other engineering structukes
in hot arid areas can create problems. The more serious of these include:

1. Alteration of the chemical composition of materials, which can lead
to reduction in their strength and durability, or can promote volume changes’

that exercise a disruptive effect. For example, concrete can be chemically



altered in the presence of salts. One illustration is the reaction of free
Ca0 in concrete with sulphates dissolved in water to form etringite (calcium
aluminium sulphate) which can lead to the disintegration of the concrete.
Similarly, the corrosion of steel reinforcing bars in concrete in the presence
of salts can cause an increase in the volume of the rods which exerts pressure
on the surrounding concrete and may lead to its disintegration.

2. Salts and saline solutions in buildings and other structures may
themselves undergo changes that can lead to the weakening or disintegration
of the host materials. These changes may include:

(a) the thermal expansipn of the crystallised salts;

(b) hydration of salts; and

(c) the growth of salt crystals from solution.

ATl of these changes involve increases in the volume of salts, and under
appropriate conditions such>increases may exert pressgre on the host materials.
Removal of salts in solution from foundation fi]]sAfor instance, can cause
reductions in the volume of solid materials with serious consequences of
increasing void space and subsequent settlement. Salts that may be responsible
for these problems fall into one of three main categories:

1. Salts present in materials before its incorporation in bui]dihgs,

roads etc. (e.g. salts emplaced during the deposition of sedimentary
rocks; salts deposited in rocks from sea spray, rainfall, or ground-
water; or salts formed during the manufacture of tiles, etc.)s

2. Salts formed in structures as a result of chemical changes to the

original materials; “

3. Salts emplaced in buildings, roads etc. from external sources, of

which the most fmportant are the atmosphere and the soil and soil

water.

2. The Salt-Weathering Hazard in Bahrain: Preliminary Review

Many of the preceding comments are particularly pertinent in Bahrain, where

there is abundant evidence of the destructive effects of salt weathering on



buildings, roads and other engineering structures. This evidence can be
briefly summarized and exemplified. o

(a) Destruction of concrete as a result of corrosion and expansion of
reinforcing bars emplaced in it (Plate V.1);

(b) Selective destruction of mortar in walls, especially near to ground
level, probably és a result of both chemical changes to the mortar and salt
crystallization processes (Plate V.2). It is a common observation that where
buiTding stones have been used which are in equilibrium with a saline-water
environment, the stones are often relatively unweathered but the mortar which
binds them is greatly affected. Such a building stone is beach rock, which
was widely used in the construction of older buildings, especially near the
coast;

(c) Destruction of concrete blocks and similar ‘artificial' building
materials (Plate y.3 );

(d) Disruption of concrete foundations as a result, at least in parf, of
salt activity (Plate Vv.4);

(e) Disruption of paved-road surfaces, mainly cracking and pitting (Plate V.5)

Although 'salt weathering' normally appears to be responsiblé for such |
changes, it must be noted that other processes may be responsible for them
in certain circumstances. These and similar changes are occurring at present,
and often at a rapid rafe. Two sets of observations confirﬁ this assertion.

(a) Many recent engineering developments are already suffering from the
effects of salt weathering. For e;amp]e, the road from Az'Za11aq to A1 Mumattalah
was paved in ]975 and began to show signs in cert&iﬁ‘locations of disruption’

only a month after its completion, Some of the

concrete supports for the Alba cableway are already suffering from salt
weathering. Perhaps the most spectacular example is the Salamaniya Hospital
Nurses Home, wheré foundation deterioration and other problems related to salt

weathering have caused the building to be ccndemned after a decade (Plate V.4).
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PLATE V.1

Cracking of concrete as a result of corrosion
(and expansion of a metal pipe emplaced in it

(Awali).




PLATE V.2 Destruction of mortar in walls, without significant destruction of building stone
near the base of houses in An Nuwaydirat. ‘
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PLATE V.3 Destruction by sait-weathering of concrete
blocks in walls of buildings at Samahij
(Muharraq Island).
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PLATE V. 5 Disruption and destruction of paved‘
road surface as a result of salt-
weathering and associated processes:
Near Sanad (G.R. 580920). :
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{b) In order to get an approximate idea of the rate of weathering on
natural rock outcrops, a small field experimefit was estabiished in December,
1974. The site‘of the experimenf was a location where it seemed likely that
the rate of weathering would be most rapid - a cavern developed in Yellow
Siltstone at the base of a C]iff on the western side of a small enclosed
Adepress1on near the Isa Alba road (reference 574913). Thn inner wall of this
cavern is s]1gnt’y damp, and thn cavern surface is 1oca1]y encrusted w1th
salts. In order to determine whether the cavern surface is weathering at
present, a 33cm wide band was spr aJed w1th red paint from an aerosol can 6n
December 16th, 1974. » When the site was nevisited on Apri] 6th,
1975, approximately 75% of the paint had been removed, largely in the form of
small flakes and silt (which had accumulated on the cavern f]oor). The
disintegration had not been uniform: no painted surface remained at the inner-
most surface of the cavern charanterized by salt efflorescence; over 80% of
the painted surface had been removed from the cavern roof; and approximately
50% of the painted surface remained on the back wall (excluding fheAinnenmost
section of éa]t efflorescence ). There can be no doubt that the
natural surface of the cavern is weathering very rapidly at present, and the
flaky nature of the disintegration in association with salts and damp surfaces
strongly points to salt weathering being the major process.

3. It is also clear that the salt-weathering hazard is more active in
some areas of Bahrain than in ofhers. For example, it appears to be re]at1ve1y
severe in the old township of Muharraq island, but the salt-weathering
damage to buildings in Ar Rifa and the newer settlement of Awali is apparently
re14t1ve1y s]1ght Such contrasts are related to the mater1a1s used in
construction, to the environment in which develcpments have taken place, to
the age of the town and to the 1eve1 of the water tab]e The remainder of th1s
part of the Report is devoted to an investigation of these variables. In the
next sections, the nature of some natural materials used in the construction

of engineering industries is examined, especially in terms of characteristics

that may



V.3

relate to the salt weathering hazard. A subsequent section reviews the
nature of the most important source of salts-and saline solutions in buildings,
roads etc, namely ground-water and its capillary fringe.

4. It must be emphasized that this study represents only a brief reconnaissanc

survey of a very important and complex problem which does not appear to have

been studied in detail previously. The results must therefore be viewed with

caution, and especially in the Tight of the stated assumptions.

NATURAL MATERIALS AND THE SALT WEATHERING HAZARD

. Introduction

Only one aspect of this part of the problem is examined here - the -
susceptibility of selected indurated rocké to salt weatheriné. Other aspects
of beth indurated and unconsolidated rocks relevant to.the salt-weathering
hazard and other problems of the engineering and construction iﬁﬂustries are

reviewed in both volumes III and IV.

. The Susceptibility of Selected Rocks te Salt Weathering FProcesses

Introduction and Methods

(a) Salt Weathering Test. The durability of rocks when subjected

repeatediy to saturation with saline solutions and subsequent evaporation can
be determined using a number of widely recognized standard tests. None of
these tests, however, reflect closely the coastal-desert conditions encbuntered
in Bahfain. In order to overcome this problem, a test of rock durability

was devised which is more appropriate to Bahrain conditions (Goudie, Cooke

and Evans, 1970). 1In this test, three 3ch cubes from-each rock type examined
were first weighed, and them immersed, one in distilled water (for contral),.
one in a saturated solution of Sodium sulphate, and one in a saturatéd

solution of Calcium sulphate, at 17-20°C for one hour. The sampfe'cubes were

then dried in an oven at 60°C for seven hours (a temperature approximatiqg_

desert day-time surface temperatures), and then at 30°C for the remainder of
each 24-hour cycle (a temperature approximating desert-surface night-time

temperatures). The daily cycles were repeated for up to 40 days, or until the
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specimen disintegrated completely (whichever was the sooner). The weight
loss in excess of one gram from specimen cubes was recorded after each cycle:
weight Toss from the original sample weight was used as the index of disintegratio
Sodium sulphate was used because previous experiments have shown that it works
relatively quickly; calcium sulphate was selected because it is one of the most
important salts in Bahrain; and distilled water was used to provide a control
on the experiments. |

t:fhis test wés aph]ied to fresh samples of 15 different rock types from
Bahrain. The rocks were selected for various reasons - some are already used
as aggregates or in 'fill'; some (e.g. the Yellow Siltstones) provide a contrast
with the more durable rocks and some appeared to be ke]ative]y durabtle
because they are positive relief formers and could therefore be potentially _
useful as bu%]ding materials.

(b) Water Absorption Test. The British Standard test for water absorptioh

(B.S. 1377), which gives a measure of rock open-pore porosity and thereby of
susceptibility to weathering processes in which water is involved, was used.
Three-centimetre cubes were immersed in de-ionised water for 24 hours, and
were then Tightly dried with a damp towel before being weighed (W1). They
were then dried in an oven at 105°C before being weighed again (Wz). Then

A -— ‘v\
Water Absorption Capacity (%) = E1W2~JE x 100.

(c) The Schmidt Hammer Test. The Schmidt Test hammer (Type N) is

fntended for non-destructive testing of concrete and natural materials (e.g.
Yaalon, 1974). It measures the Rebound Number (R) which is related to hardness.

R-values have been found to correlate with compressive strength. The hammer
allows strength testing to be carried out rapidly, on a large number of samples,

cheaply, aﬁd in the field. It thus offers considerable advantages in comparison
with the more standard, slow laboratory techniques of strength determination.
Clean, non-flaky, non-jointed, approximately flat surfaces were selected for
field testing of rock types subsequently used in salt weathering tests. Ten
R-values were recorded at each location, and the mean value (RX) was derived.

Corrections to the R-values need to be made according to whether one is dealing



/.
with vertical or horizontal surfaces. Correction values are shown on the

nomogram attached to the instrument.

Results of the Tests

.

(a) Summary of Results. Table V.1 summarises data relating to types of

material, water absorption capacity, rebound numbers, and the destruction

of samples during sodium sulphate tests. The response of rock samples to
sodium sulphate tests is shown in Figure V.2 . Responses to calcium su]phaté
tests and to wetting and drying are listed on Table V.2. The relationships
between resistance to Sodium sulphate weathering and hardness (rebound numbers)

and water absorption capacity are shown in Figures V.3 and V.4 respectively.

(b) Comments on the Results. The samples tested had water absorption
capacities which ranged from as Tittle as 1.17% for_é]ue Askar (sample 16) to
as much as 42.74% for the Yellow Siltstone (sample 2, Tab]é V.1). Similarly
rebound numbers determined with the Schmidt Hammer gavé a range of from 57.50
(equal to a cube compressive strength in excess of about 11,000 p.s.i.3 7.5845
X 104KN/m2) at the strongest end'to about 12.80 (equa] to'aAcube compressive
strength of no more than about 1,000 p.s.iﬁ;-0,6895 X 104KN/m2) at the weakest
end.

This Variab11ity in material character is reflected in the highly variable
response to Sodium sulphate crystallization tests. Samples SW 10, 11, 12, 16,
7 and 5 (Table V.1) showed a relatively high degree of resistance to this
process and might thus stand up well to crystallization of salts on exposed
surfaces within the ione of salt-weathering hazard (see below).

On the other hand, other materials responded badly. This included,
predictably, the highly porous and soft Yellow Siltstone (sample 2). However,

samples of the so-called 'White Askar' from the Government quarry, in spite of

~ both a high compressive strength and a low porosity (RN = 57.50, W.A.C. = 1.55%)

performed badly, totally disintegrating after only 19 cycles. Thus this
material, selected as a concrete aggregate material on its inherently low
chloride content, while not Tikely to cause concrete disintegration because

of its chemical effect, might cause disintegration as a result of its suscepti-

bility to salt crystallization, especially in areas subject to capillary rise



STRATIGRAPHIC EQUIVALENTS FOR TABLE V.1

01d Terminology

Yellow Siltstone
Khobar Bedded Limestone

Numulitic Limestone

Miocene Limestone

Alat Dolomitic Cap
Flinty Khobar

Sharkstooth

New (B.S.M.R.S.) Terminology

Member of the Al Buhayr Carbonate Formation
Member of the Al Buhayr Carbonate Formation‘
Member of the Foraminiferal Carbonate Formation
Ra's A1 Aqr Formation (N.B. NOT MIOCENE)

Member of the Jabal Hisai Carbonate Formation
Member of the West Rifa Flint Formation

Member of the Dil'Rafah Carbonate Formatlion




TABLE V.1
EXPERIMENTAL SALT WEATHERING TEST RESULTS

Sle  pageriay  Vater Mbsorption Rebound % Remaining fycles g
SW 2 Yellow Siltstone 42.74 (1) 27.5 (11) 0.00 7 14=
SW 3 Khobar Bed 3 9.79 (6)  31.8 (9) 0.00 9 13
SW 4  Numulitic Limestone 11.06 (5) 22.1 (12) - 0.00 7 14=
SW 5 gggz:dogigggtgne 4.15 (11) 34.3 (7) . 75.20 50 6
SW6  Khobar Bed 4 1M.71 (4) 28.3 (10) 0.00 15 12
SW7 Blue Askar 1.94 (13) 49.1 (3)  90.38 50 5
SW8 Flinty Khobar 6.78 (7) 18.9 (16)  0.00 34 9
SW9 Miocene Limestone  6.13 (8) 34.0 (8) 0.00 36 8
SW 10 Blue Askar 2.37 (12) 38.3 (6) 103.18 50 1
SW 11 Alat Dolomite 5.17 (9) 43.1 (5) 101.65 50 2
SW 12 Alat below cap rock 5.04 (10) 44.0 (4) 100.52 50 3
SW 13 ?EQSi.Aéﬁgihy) 1.55 (14) 57.50 (1) 0.00 19T
SW 14 Sharkstooth 9 21.07 (3) 17.10 (14) 0.00 23 10
SW 15 Sharkstooth 24 23.07 (2) - 12.80 (15) 2.78 50 7
SW 16 Blue Askar 1.17 (15) 50.30 (2) 99.84 50 4

Notes

® Determined by British Standard Method (BS 1377). Figures in brackets are
ranks.

#%  Determined by Schmidt Hammer (as described in text).

**%  After treatment with Sodium Su]phaté (as described in text).

N.B. The material names given above have been retained here in the old terminology. .
Their new equivalents, according to the stratigraphic terms given in Volume III
are defined (where possible) overleaf.
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TABLE V.2
EXPERIMENTAL SALT WEATHERING TEST
RESULTS: SUSCEPTIBILITY TO WETTING AND DRYING AND CALCIUM SULPHATE

CRYSTALLIZATION
_ % Remaining after
Sample . 40 cycles of wetting Calcium Sulphate crystallization
No. and drying

- SW 2| Yellow Siltstone - 89.15 98.24
SW 3| Khobar Bed 3 99.40 | 99.14
SW 4| Numulitic Limestone 98.83 = 98.83
us| Gstonteds o 50
SW 6 | Khobar Bed 4 99.74 £ 99.96
SW 7 | Blue Askar 99.84 99.96
SW 8 | Flinty Khobar 99.73 100.35
SW 9 | Miocene Limestone 99.84 100.05
SW 10| Blue Askar | 100.05 ’ 100.17
SW 11| Alat Dolomite 99.93 | 99.98
SW 12 | Alat below cap rock  99.98 100.00
SW 13 ‘fg;giAgEg;ry) 99.91 100.12
SW 14 | Sharkstooth 9 98.34 99.74.
SW 15 | Sharkstooth 24 98.02 98.31
SW 16 | Blue Askar 99.93 100.01
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V.4

and evaporation of saline groundwater. (The performance of white askar under
ASTM soundness tests is variable, but by and,}arge much of it passes, and
conditions in nature are, of course, generally less severe than those used in
the laboratory tests).

A1l samples tested, with the exception of the Yellow Si1tstoné, responded
well to the effects of simple wetting and drying, none of them experiencing
a weight loss above 2% over 40 cycles. The effect of gypsum crystallization,
probably because of the iow solubility of calcium sulphate in water, was slight,

and only three samples (SW2, SW4, SW15) showed any measurable response (Table V.2)

Neither the water absorption capacity nor the hardness of samples appear

to offer good predictors of resistance to Sodium sulphate crystallization

~(see Figures V.3, V.4). It is thus probably desirable to subject materials

to laboratory weathering tests rather than to rely upon surrogate properties
of this type if the materials are to be used in areas subject to salt crystal-

Tization hazards.

GROUNDWATER, THE CAPILLARY FRINGE AND THE
SALT-WEATHERING HAZARD

Definition of Terms

1. Water-table- "the level to which groundwater rises 1in observation
wells in free communication with the voids of the
soil in situ" (Terzaghi and Peck, 1948, p.114)

2. Groundwater ‘ water in the zone of'satgration beneath the water
table and in the capillary fringe above it.

3. capillary fringe the zone of saturated and partially saturated
material above the water-table. Its upper boundary

is called the height of capillary rise (and depends

on the nature of the materials containing the water)
(For a more detailed discussion of this important

phenomenon, see Appendix V.1 ).



Introduction

Over much of the coastalplain of Bahrain,-groundwater occurs close to or
at the surface. Normaily the water-table is at some depth below the surface.
But over large areas the potential height of capillary rise is actually above
the ground surface, so that surface material is damp, and the surface moisture
suffers extensive evapqration. Two common relationships between groundwater,
water—tab]é, the capillary fringe and the ground surface are shown diagrammaticall
in Figure V.5 ; in (a) the height of capillary rise is below the surface; in
(b) the potential height of capillary rise is above the surface.

If buildings, causeways, roads, pipelines, factories or other engineering
structures are built in areas where groundwater occurs at or near fo the ground
surface, there is a strong probability that water may penetrate the structures.
If the water is saline. and if it is evaporated so that salt crysta]]izatﬁon

occurs then damage may result. The primary purposes of this study are therefore:

(a) to delimit areas where salt-weathering may be a hazard as a result of
saline groundwater being close to or at the surface, and
(b) to examine within the delimited areas spatial variations in the

possible severity of the hezard.
It must be emphasized again that the results presented below represent only
an initia1 exploration of the problem since a full analysis would require
detailed experimentation, sampling and instrumentation over a longer time
period in order to establish temporal as well as spatial variations.

Areas of Salt-Weathering Hazard

As a first approximation of the inland Timits of the major coastal area
of salt-weathering hazard arising from proximity of groundwater to the ground
surface, the boundary separating places where capillary rise extends to the
surface from those where it does not was plotted in the field (Figure V.6 ).
The area where capillary rise extends to the surface is characterised in
“the field by the combined presence of three phenomena: damp surface material,
puffy ground and salt efflorescence . . These phenomena have to

be used with caution to identify the boundary, because around may become wet,
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FIGURE V.6 SCHEMATIC DIAGRAM ILLUSTRATING THE FIRST APPROXIMATION
- OF A HAZARD ZONE
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puffy or saline for reasons other than capillary rise of water to the
surface. In practice, the boundary is not difficult to Tocate, and it is shown

on Map 7 (Map Volume A).*

Two comments should be made on this boundary. Firstly, it is on1y_c0rrect

for April, 1975 - it probably changes position over time, especially in

association with changes of water-table Tevel. For example, the water-table
has been falling in some inland areas of the zone over a period of years

and it is therefore reasonable to assume that the zone of hazard has actually
been slightly reduced in size. | ‘

Secbnd]y, the boundary is not a satisfactory 1imit for the hazard zone
because the foundations of any construction inland of it might extend to a
sufficient depth to penetrate the capillary fringe below the surface and
therefore suffer the effects of the hazard. Thus the boundary of the hazard
zone is inland of that shown on Map 7, and theoretically should be Tocated
along the Tine where the height of capillary rise is always below the maximum.
depth of foundations. But because foundation depth is variable, heighf cf ‘
capiltlary rise varies with materials (see Appendix V.1), and more information
than was available from depths of over 2 metres is required to establish this
boundary, an alternative approximation of the inland boundary of the hazard
was adobted, namely the i0m contour, wiich is also appropriate for planning
purposes. ;

4. Definition of a Planning Boundary

For planning and all other practical purposes, it canrbe said with certainty
that Tand to seaward of the limit of surface %api11ary rise is
“potentially susceptible to salt-weathering préb?ems. It is equally clear from
field observations that almost all areés inland of that'boundary wh%ch are
susceptible to salt Qeathering as a result of proximity to groundwater
occur below the 1O-metre contouf. This contour |
therefore provides'a conservative inland limit for the hazard,

and also provides a precise, easily used planning boundary. We

* NOTE: all maps are located in Map Volume A.
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therefore recommend that the 10-metre contour should be used as

2 planning boundary for the groundwater salt—weatherihg hazard,

in Bahrain, that any development below that altitude in the hazard
zone should be preceded by a site assessment of the salt-weathering
hazard, and that the conclusiqns of site éssessments should be taker
into account iﬁ regulating development. ‘

~

. Spatial variations in the Potential Severity of the Salt-Weathering Hazard

within the Hazard Zone

Gne way of studying the spdt1a1 variations in the sever1ty of salt-

weathering problems arising from the proximity of groundwater to the surface
in the hazard region might be to survey and c]assify‘the severity of damage
to existing structures. -The approach was rejected mainly because:

(a) it is genera11y'difficu]t, and sometimes imposéible, to determine
the age of affected buildings, and thus the period during which sait-weathering
has been active is unknown, and |

(b) the effect of salt-weathering is strongly influenced by the materials
used in construction and the design of the structures. both of which may vary
greatly from place to place.

An alternative‘approach, and the one adopted in this survey, is to determine
the spatial variations of these environmental var1ab!es wh1cn 1nF1uence or are
assumed to 1nf1uence the severity of the hazard within tne nazard zone. The |
env1ronmenta1 variables selected, and the reasons for se1ecting them are as
follows: | |

(a) Depth to water-table Below Ground Surface. It is assumed that, in

general, the deeper the water-table is be]ow ground surface, the less the
penetration of groundwater into foundations,‘bui1dings, etc. and“the less the
damage from salt-weathering is Tikely t6 be. For example, a building which
is entirely above the height of capillary rise is unlikely to be affected,
whereas a bu11d1ng constructed on a surface where the water-table is at
ground 1eve1 is likely to suffer partial or full saturation by saline ground-

water in its walls up to the full height of capi]lary rise and it is Tikely



12.

to be severely affected by the hazard. Put another way, it is assumed that

the damage caused by salt—weathering4associated with groundwater is approximately
proportional to the area of the structure affected, and that the area of the
structure affected is proportional to shallowness of the water-table. This
general assumption needs to be qualified, of course, in the Tight of the type

of materials above the WAter-table because, as is shown in Appendix V.I , the
height of capillary rise will locally vary with the characteristics of such
materials. |

(b) The Guality of groundwater. It is assumed that, in general, the

greater the salinity of groundwater, the greater is Tikely to be the damage
caused by salt-weathering. In addition, spatial variations in the ionic
composition of solutions may play a part in influencing spatial variations of
the hazard. |
6. Method

Within the zone of salt-weathering hazard defined on Map 7 147 points
were selected to provide a relatively comprehensive and uniform sampling
design. At each of the 147 points, the depth to water table
below the surface was determined, the height of capillary rise noted (where
it was below the surface), a water sample was collected, and the nature of
surface and near-surface material was recorded. Additional observations were
made of water-table level and materials at 39 other locations. A1l observations
were made and all samples were collected in April, 1975, and the results '
(Appendix V.II)relate only to conditions prevailing at that time. Particular
attention was given to collecting water samples which had not been contaminated
by irrigation water or surface runoff and had not been subjected to surface
evaporation. Samples were collected from wells, pits and auger holes.
Measureménts of water-tab1e in pits and auger holes were only made after a
reasonable period of time had elapsed to allow an equilibrium level to be
attained.

The electrical conductivity was recorded (at the Survey base in Manama)

using a single meter. The ionic analysis of water samples was carried out
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at Imperial College, London. A1l field and laboratory data were put onto
Vpunched cards, and the distribution maps were. prepared using a SYMAP programme
on an IBM 360 Computer. These maps are in Map Volume A.

. Analysis of Results

(a) Depth to Water-Table (Map 8) The following qualifications

about Map 8 should be noted.
| (a) The data refer only to water-table depth below gfound surface,
and are not adjusted to any horizontal datum plane (such as sea
level). Thus, for example, if a pit was dug through a sand dune,

depth to water-table might be considerably greater than in another

pit adjacent to the dune, although the absolute altitude of the water-
table might be the séme in both cases.
(b) In this, as in all similar figures, the isolines are interpclated

between sample points and present a generalised, most probable pattern

base on values at those points only. The isolines are therefore
only predicted values, not actual values for any location, and the
predictions depend inter alia, on the pattern of sample points.
(c) The water-table record is not related to any s1ng1e aquifer -
a sample may refer to different acquifers in the Dammam beds, or
may rever to a perched water table etc..

In general depth to water-table increases from the coast inland. At the

inland Timit of surface capillary rise (Map 7) the predicted depth to
water-table (Map 8) varies considerably - mainly as a reflection of

variation in surface materials - but field observations show that it is
almost always over one metre, and commonly over 2 metres. At the 10 mefre
contour, the depth to water-table normally exceeds 2 metres, although it is
somewhat shallower in the western part of the area than in either the north
or the east). In many localities along the coast, the water-table is very
near to the ground surface - often at less than 0.75 metres. In terms of
this criterion alone, thereforé it appears that the salt-weathering hazard

is likely to be greatest near to the coast, and to diminish inland.

\
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The relatively simple pattérn of increasihg depth to water-table inland
is complicated by a number of distinctive features:
(a) the scarﬁ=and;dip slope of the Jabal Hisai (Refinery) Limestone
Formation in the northwest (approximately from Dumistan to Al Diraz)
provides a salient of higher ground in the northern lowlands where
depth to water-table is re]ative]y great;
(b) some dune aréas 1oca 1y cause the water-table to be somewhat

deeper below the ground surface (e.g. 510010 and 466850);

(c) the basins on the northeastern flanks of the Upper Dammam
BacksTope (shown on the 1:10,000 geomorphology maps in Map Vol. C)
have floors which are relatively close to groundwater level, and
in a few places on these floors capillary water is, at least
seasonally, at the surface. |

(b) The beight of Capi]1ary Qiée Within the coastal zone of capillary

rise (Figure V.6 ), the he1ght of capillary rise is, by definition, normal]y
abeove the ground surface, and it can often be seen as the upper limit of
dampniess in buildings within the zone. As indicated in Appendix V.I, the
height of capillary rise depends primarily on the nature of the materials
above the water-table, and in gensrai it is inversely proportional to the void
ratio and to particle size. Empirical observatﬁons in Bahrain by members of
the Survey team confirm this assertion.

| (i) In sandy soils height of capillary rise is commonly between 1 and
1.5m above the water-table, (e.g. sites at 469878, 462981, 461899, 564938).

(ii) In Toamy soils (comprising sand, silt and clay), capil]aryvrise
normally exceeds 2.00m but ié less than 3.00m7(e.g. sites at 528934, 565943,
591898, 502931, 582927, 579926, 590897, 556950). ’

The distribution of sandy and loamy soils is described in Vo]umevl'.'These
observations indicate that for most practical purposes.it can be aésumed that,
even in the finest-grained materials, the height of capillary rise is normally
less than 3.00m above the water-table. Estimates of the height of capillary
rise using Terzaghi and Peck's formu]a‘(Appendix V.I), and assuming reasonable

values for void ratio and particle size, are similar to these field observations.
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The height of capillary rise in building materials emplaced in the hazard
zone is, of course, variable, and was not surveyed in this study: it is a
probiem that deserves attention.

There are a few areas beldw the 10m contour that appear to be above the
height of capillary rise. (In general these are too small to appear as major
anomalies on Map 8, . but they include some of the sand-dune aréas along
the western and northern coasts, the margins of the Jabal Hisai (Refinery)
Liggitone Formation outcrop, north of Dumistan and in the east of the island,
the alluvial fringes-of the Tower Dammam Backslope and bedrock areas northwest
of Sanad. Within these areas, which have not been mapped éystematica11y from
the point of view of salt-weathering, there remain undeveloped sites which
are relatively free of potential salt-weathering problems. One such site is
on the dip slope of the Jabal Hisai Formation east of the Alba smelter (e.q.
617853), the base of the Tower Dammam Formation Backslope affords similar
locations. The potential of such sites for development deserves further
investﬁgation. On the other hand, some areas within the hazard zone whére
the height of capillary rise is belew the surface (such-as the Sand—dune
areas) should not be considered hazard-free because the capillary fringe
would probably be penetrated by foundations.

(c) Electrical Conductivity of Groundwater ( Map 9 ). Specific

conductance (conductivity) is a measure of a conductor to convey an e1ectfi¢‘
current. In the case of water, it is related to the concentration of ions
present and to fhe temperature at which measurement is made. It is usually
measured in micromho/cm. Electrical conductivity is related directly (but in

a hon-]inear way) to the concentration of solutions, but it gives no indication
of the nathre of the substances in solution. It is possible to convert
readings of electrical conductivity into estimates of saiiniiy (e.g. in parts
per million), but only the original readings are used in this study because
empirical conversion factors (which have a considerable range) depend on a
greater knowledge of soluble compounds in the samples than is at present

available.
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The assumption behind the measurement of electrical conductivity in the -
context of the salt-weathering hazard is that the magnitude of the hazard is
directly related to the salinity of groundwater, and thus to its electrical
conductivity. It is assumed, then that electrical conductivity readihgs
provide a simple first approximation of the relative intensity of the salt-
weathering hazard in the ‘context of groundwater quality. Map 9 shows
the pattern of electrical conductivity of groundwaters in Bahrain based on
sémgigs collected fn April, 1975. As with previous diagrams, qualifications
are necessary in interpretfng these data:

(i) electrical conductivity of gfoundwater may véry with time - perhaps
as a result of evaporation Tocally concentrating solutions or, on a longer-
term basis, as a result of salt-water incursion into formerly relatively fregh
groundwater in coastal areas.

(i) electrical conductivity readings may reflect groundwater contamination
by pollutants. As far as possible, samples that may have been subjected
to such Tocal influences have been rejected, but some results could be affected,
for example, by dilution with irrigation water.

As Map 9 shows that most of the Towland fringe within the hazard
zone has groundwatef characterized by re]at}ve1y low electrical conductivity

38,000 v
(normally less than 3.8 x 107 umhos/cm). But five areas of relatively high

conductivity stand out. The three areas in the east of the island - on

Muharraq island, adjacent to the creek of Sha'bayn al Rhodra 520970), and on
the island of S%trah énd adjacent coastal areas 6h the mainland - are all
probably asssciated with the intrusion of salt water into groundwater aquifers
ané with tpe evaporation of marine groundwater. Such is certainly the cése in
the sabkha environments of southern Muharraq island and the Sitrah region. The
two areas of relatively high conductivity in the west - near Dumistan and Al
Qurrayyah - while they are both associated with the flanks of the Jabal Hisai
outcrop (dip é]épe) are more difficult to explain. THese five areas are,

according to the assumption stated above, likely to be areas of relatively

high salt-weathering hazard.
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(d) Ionic Concentrations in CGroundwater (Maps 10 - 15). Experimental

~ work of salt-weathering (e.g. Goudie, Cooke,.and Evans, 1970) demonstrates

that certain salts are more effective weathefing agents than others. For
example, sodium sulphate is commonly more effective than sodium chloride.

Thus if would be valuable to know the spatial distribution of salts that

would be precipitated from’so]utions within the hazard zone. To determine
precisely which salts would form from the evaporation of the chemically

complex groundwater samples is a major laboratory task gquite beyond the sﬁope

of this survey. As an intermediate step in the analysis of the hazard, the

ionic concentrations in the samples were determined, and their spatial
distributions are recorded in Maps 10 - 15. It has yet to be demonstrated
experimentally that there is a direction correlation between the absolute

and relative quantities of barticu]ar ions (although it seems to be a

reasonable assumption), so Tittie importance is attached to these distributions
at present. It is sufficient_to note that, not surprisingly and with the possible
exception of Ca*t , the areas of highest jonic concentrations in each case
coincide with the areas.of highest e1ec£rica1 conduct{vity - on Muharraq

island, on Sitra island and the adjacent coast betwéen Sanad and the oil
refine}y, the area in the western flanks of tne Jabal Hisai Formation dip
slope in the north-west, and between Dumistan and Buri. (Preliminary analysis
~of the relative concentrations ofbions has been carried out but, because the
significance of the relevant ratios in the context of salt-weathering is

as yet imperfectly understood, this ana]ysis has not been included in the
report). N

(e) Intensity of the Hazard in the Hazard Zone. On the basis of the
preceding discussion, it can be hypothesized that the intensity of the salt-

weathering hazard associated with groundwater in the delimited haza}d zone
is directly related to

(i) the shallowness of gréundwater and

(7i) the electrical conductiv{ty of groundwater.

Map 7 has been derived on the basis of these‘assumptions and on the
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additional assumption that the two variables are of exactly equal importance.
These assumptions are open to question, but they serve as a basis, in the
absence of additional data, for a first appro%imation of hazard intensity.
Map 6 jdentifies a number of areas where it is predicted that the hazard
is 1ikely to be most intense:
(i) Muharraq is]and,’especially in the south-east;
(ii) The creek area adjoining Sha'bayn al Rhodra;
(iii) Sitrah and the adjoining coastal fringe of the mainland between
o Ra's Sanad and the oil refinery;
(iv) The area around Dumistani

(v) Western flank of the Jabal Hisai Limestone Formation (Alat) dip
slope north of Al Hamaiah.

As areas (iv) and (v) arise from only relatively few sample points they
should be further examined to justify their continued inclusion in this Tist.

8. Conclusions and Recommendations

1. This study represents a preliminary reconnaissance survey of the sa1£~
weathering hazard in Bahrain. In view of the very considerable economic
jmportance of the hazard and the present deficiencies in knowiédge of it,
further'reséarch should be encouraged. This research should include an
examination of:

- the physical and chemical effects of salt on locally produced building
méteria]s, including concrete; ‘ |

- the effects of differences in absolute and relative variations in ionic
concentrations in groundwater, and the effects of differences in the absolute

- and relative quantities of salts T1ikely to be precipitated from groundwater
subject to evaporation; ‘

- the role of climatic conditions;

- the ways in which salts become incorporated into engineering structures
before, during and after construction;

- the durability of all pétentiél]y usable building stones and aggregates.

- changes in the groundwater-table due to abstractions by wells, recharge

and seawater inflow into Towered areas of groundwater.
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2. The 10 metre contour may be regarded as the upper boundary of the sa1t—.
weathering hazard as it relates to groundwater and capillary rise. It is
strongly suggested that any development with{;rthe hezard zone (i.e. below
10m a.s.1.) should be preceded by a site assessment of the salt-weathering
hazard, and that the resuTts of such assessments should provide the basis for
appropriate modifications to development proposals désigned to reduce or

~eliminate the effects of the hazard. ‘

3a w1tﬁin the zone of salt-weathering hazard ( Map 6 ) it is predicted
that some areas are more hazardous than others. Particular care in construction
and other developments should be exercised in the more hazardous zones -
especially on Muharraq island, Sitrah island and the ﬁain1and adjacent to it,
and in the zone bordering the creek ofISha'bayn al Rhodra,

4. Where practicable, further urban and industrial development should be
located outside of the hazard zone. Many potentially suitable construction
sites are available, and in some areas (notab]y in Isa Town) only slight
changes to development plans are required in order to make considerable Tong-
term economies. Within the hazard zone there remain a few sites where the
height of capillary rise is sufficiently deep below the surface to make salt-

weathering an unlikely hazard. One such site is on the dip slope of the Jabal

to the sea as

O

Tos

(Y

Hisai Formation to the east of the Alba smelter and
well as on the Upper Dammam BacksTope.

5. Greater care should be taken in the selection and use of natural
materials in the construction industry. Salt-weathering and related experiments
éhow that the durability of materia1$ is extremely variable, and materials
suitable for construction purposes in one context are unsuitable in the context
of salt-weathering. It is probably desirable that materials apparently
suitable for. use in construction should first be subjected to laboratory
weathering tests, espécia11y because surrogate propert%es of materials assumed
to be related to weathering performance do not appear to be very satisfactory.
The analysis of salt-crystallization effects on different rock types could

profitably be extended to include
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(a) some more resistant rocks Tower in the stratigraphic succession
(e.g. the Rus) and -

(b) a selection of concrete aggregates used in construction.
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ADDITIONAL NOTES ON THE CAPILLARY FRINGE

The capillary fringe is so important in the coastal areas of Bahrain that
it deserves some additional comment. Where the material above the water-
table consists of soil or unconsolidated sediments, it is characterized by
voids of variable sizes that are intercommunicating and present, in effect, a
network of voids. Such material may be invaded by groundwater from below as
a result of the attraction between the sides of the voids (material surfaces)
and the water molecliles combined with the surface tension of the water. The
lowest part of the void network will become completely saturated, whereas in
the upper part water will occupy only the smallest voids (Terzaghi and Peck,
19485 Figure V.7 ).

-
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= 8= complete
— - 5
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Figure V.7 Diagram to illustrate the capillary rise of
water in a column of initially dry sand
(after Terzaghi and Peck, 1948).

The upper limit of capillary rise is commonly, and especially in hot desert
environments and where it is above ground level, a locus of evaporation where
crystalline salts may be precipitated. Thus if capiilary water extends in
to foundations, etc., salts mey be precipitated in buildings, with serious
consequences. The upper Timit of dampness in the walls of so many buildings
in Bahrain is, in effect, the upper limit of capillary rise.

The height of capillary rise depends on the nature of the material above
the water-table. In general, as particle size decreases, void size also

decreases, and the height of capillary rise increases (Terzaghi and Peck, 1948).
Fer example, Terzaghi and Peck (1948) suggest that:

R
(& eD]O

where hC = height of capillary rise

1

e void ratio

D]0 = "effective size", in which 10% of particles in the grain-size
analysis are finer, and 90% are coarser than this value.

C = an empirical constant that depends on grain shape and surface
impurities, and ranges between 0.1 and 0.5 sq. an.



Thus the height of capillary rise can be expected to be considerably higher
in clays, for example, than in sands (Table V.3).

TABLE V.3
Soil Type Capillary rise range (m)
Sand - 0.10-1.00
Silt; 1.00-10.00
.e Clay 10.00

Source: Scott and Schoustra, 1968, p;37.

It should be noted that the absolute altitude of-the height of capillary
rise can vary through time as the.result of:

(a) daily, seasonal, annual or longer-term changes of water-table
(arising from, for instance, climatic change, sea level change,
changes in groundwater recharge:discharge ratios, and the
extraction of water for irrigation and other water-supply
purposes);

(b) changes in the nature of materials above the water-table (e.g.
compaction or cementation); or

(c) the emplacement of 'artifical' materials (such as concrete,
which will also influence the height of rise).
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APPENDIX V.II

GROUNDWATER DATA FROM BAHRAIN
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APPENDIX V.III

NOTES ON THE SYMAP CONTOURING PROGRAM

Several of the maps in Map Volume A (Maps 6, 8-15)
were produced using the SYMAP program provided by the Laboratory for

Computer Graphics and Spatial Analysis, Harvard University. This program

accepts as input information the value of a variable at a set of data points

with known co-ordinate locations, and uses these to ca]éu]ate values at all
points on a rectangular grid.

The data set consisted of 242 points. Groundwater water Tevel was
available for 233 of these points; conductivity for 163 points, and ion
content for 147 points (although the content of one or two ions was not
recorded in a few cases). 147 points were used in all map runs, except
for groundwater (where an additional 39 points were used). The program
calculates a value for points on a rectangular grid, based on a weighted
average of the data points within a set radius of the point. The radius
was set such that, on average, seven data points are found on the initial
search. In addition, it was specified that a minimum of four and a
maximum of ten data points be used for interpolation.

Four barriers were set up in the study area such that data points
on one side of the barrier could have no effect on values for poinfs on
the othef side. These prevented interpolation between islands and the
mainland, and across bays, for exémpie.' The barriers ran between the
foliowing cg-ordinate lacations :

(a) 545970 to 640960

(b) 580050 to 640980 to 645030

(c) 590940 to 615917 to 615907 to 636870

(d) 629049 to 620010 '

After values were calculated over the map, the range of values was split

into classes, and a map produced on the Tine printer by printing a symbol or



combination of symbols to represent each of the classes. The maps
produced measured 24" x 20.5". The coastline and the boundaries between
classes were-then plotted on an overlay to produce the final map.

The eleven maps produced in this way involved the following electives

(described in A User's Guide to SYMAP and SYMVO, edited by D.T. Muxworthy,
Edinburgh, 1972) :

s Size 24" x 20.5" ;
3. Five class intervals;
4. Zero was taken as the minimum permissible value for the calculation

of class intervals;
6. The class intervals were constructed by dividing the range

of values at data points into equal classes;

8. Contour Tines were not plotted on the map;

15 Maps were printed at 6 rows per inch and 10 columns per inch;

18. Zero and blank values were disregarded;

23 The Tocation of data points with zero and blank values were
not shown.

Three further maps were produced in which the class intervals were
in the ratio 1 : 1 :2 : 2 : 2. This gave more detailed information at
the Tow end of the range, in which the bulk of the observations were
concentrated. The map of 'hazard intensity' represents a simple com-
bination of the values for groundwater level and conductivity at each point.
Values for the two variables were scaled so that the total range for each
was the same, and groundwater level readings were subtracted from the maximum
depth recorded so that high values for each variable represented the greatest
potential hazard. The two variables were then summed, and the result scaled
to provide a potential range between 0 (least hazardous) to 100 (most hazardous).

If groundwater level is denoted as X, and conductivity as y, the map depicts



the quantity

( 7.50 - x + 7.50y ) 100
19 15

7.50 being the maximum groundwater depth recorded and 19.00 the maximum

conductivity reading..



