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Abstract 

The present work investigates the possibility of using five types of locally 

manufactured materials as a reinforcement to reduce any tendency for collapse 

of gypseous soils upon wetting and during leaching. Several numbers of field 

and laboratory model tests in addition to routine laboratory tests are carried out 

on two soils with different gypsum content. 

The first soil S-1 with gypsum content 70% was brought from a site close 

to the Sodium Sulphate Factory in Al-Doar Region in Salah Al-Deen governate.  

The second soil S-2 with gypsum content 47% was brought from Balad region 

in the same governate. 

Laboratory Models: Series of laboratory models tests were conducted to 

investigate the effect of gypsum content on the collapse behavior of gypseous 

soils and the variation of total soluble salts and permeability during leaching 

period.  The effect of type of reinforcement on the collapse behavior of 

gypseous soils was investigated.  Five types of reinforcements were used: plastic 

grid, fine wire mesh, stainless steel grid, nylon strips and mats of reed.  The 

study contains also the effect of number of reinforcing layers (n) on the collapse 

behavior of gypseous soil.  The models were reinforced with n=1, n=3 and n=5.  

The length of reinforcement was also investigated using l=B, l=3B and l=5B. 

The study includes the observation of compressibility of wetted gypseous soil at 

stress level, 150 kPa, 200 kPa and 250 kPa.  The reinforcements were placed in 

layers and the soil was compacted at the same field density 14.6 kN/m
3
 inside 

circular steel container (450 mm diameter and 600 mm height).  A circular 

footing (100 mm diameter) was placed on the top surface of soil. The study 

includes also the effect of leaching process on the compressibility, total soluble 

salts and permeability of gypseous soil for laboratory models.  A modification 

was carried out on the mechanical jack (in CBR test) and used in the laboratory 
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loading system.  All details of the material used and method of modification  are 

presented in this study. 

Field Models: field models tests were carried out on S-1 soil, near the Sodium 

Sulphate Factory in Salah Al-Deen governate using locally manufactured 

rectangular steel loading frame 2500 mm * 3000 mm which were made from 

four steel I sections welded from ends.  The pressure system presented by 5-tone 

capacity hydraulic mechanical jack, which were placed between the steel frame 

and 450 mm diameter reinforced concrete footing.  The type of reinforcement,  

number of reinforcing layers were investigated through 12 field tests. 

For all field and laboratory models the footing was loaded gradually up to 

100 kPa and the corresponding settlement was recorded.  Following this state, 

the water was fed to the model by the water tanks from top to bottom, the 

generated settlement was recorded during the soaking period.  The study 

includes also the variation of deformation ratio S/B% TSS and k with leaching 

time for laboratory models. 

The results revealed an encouraging reduction in settlement due to the 

presence of reinforcement.  The results shows that the steel grid reinforcement 

had provided the best improvement material, the reduction percent in 

deformation ratio for laboratory model with five reinforcing layers of steel grid 

reinforcement at the end of soaking and leaching tests was (95%) and (90%) 

respectively.  The plastic grid reinforcement was the next best type which gave a 

reduction percent (89%) upon wetting for laboratory gypseous soil model, and 

(78%) at the end of leaching test.  The lowest improvement was obtained in the 

case of mats of reed reinforcement, which gives (63%) reduction of settlement 

upon wetting of laboratory gypseous soil models and (70%) at the end of 

leaching test.  The effective length of reinforcement was l=5B, which give 

(80%) reduction percent in settlement for sample reinforced with one reinforcing 

layer, compared with the unreinforced laboratory model.  The effective number 

of reinforcing layers was (n=3), which reduce the collapse settlement (80%) for 
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laboratory model, and (85%) for field models at the end of soaking test.  

Reinforcement with plastic grid reinforcement, above this number gave little 

improvement. 
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Chapter One 

Introduction 

 

1.1 General View 

Different types of structures have been built and a number of airfield and 

highway network have been constructed in Iraq due to the vast development that 

took place during the last two decades.  New patterns and forms of failure 

started to raise and geotechnical and structural engineers have to accept this 

challenge and provide safety measures and remedies.  One of these problems are 

the presence of gypseous soils that covers about 31.7% of the surface sediments 

soil of Iraq which containing gypsum between (10-70)%, Ismail 1994.  

Gypseous soils covers about 0.6% of the world area such as Australia, Europe 

and Argentina.  They are also present in Arab countries such as Tunisia, Algeria, 

Libya, Syria, Alphan and Romero 1971. 

 Gypsum is a soluble salt, hydrous calcium sulphate CaSO4.2H2O.  Its 

solubility is 2.6 gram per liter of pure water at 25
o
C and a pressure of 1 

atmosphere.  The solubility of gypsum is influenced by the presence of other 

salts in the solution.  The maximum solubility occurs at 35-50
o
C, Segalen and 

Brion 1981.  Gypsum can be found in many forms varying from soft powder 

well-developed crystals of various shapes, size and structures to steady crust of 

petrogypsum.  It is also found in pockets or isolated strata dispersed in the soil, 

in lamellar prismatic, fibrous or massive shapes or crystallized on stones, gravel 

and detritus.  It is also found grouped together forming a flower-like shape 

called desert rose or a thin thread.  In most cases, gypsum is associated with 

other salts of calcium and salts of sodium and magnesium, Nashat 1990. 

The construction of buildings, roads, bridges, channels, harbors and 

railways in gypseous soils has always been associated with settlement problems.  
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The problem appears when water table or rainfall fluctuates and/or infiltrates 

into gypseous soils and the dissolution of gypsum occurs which causes loss of 

cementation between soil particles, Pitrukhin and Boldyreve 1978. 

Researchers at different institutes carried out a lengthy testing program in 

attempts to understand the geotechnical properties of gypseous soils and 

proposed solutions for existing problems.  These methodology cumulating from 

element tests, small-scale model tests in addition to the use of numerical 

techniques.  Due to the lack of standardized testing procedures and limited 

amount of available data led to conflicting conclusions, Salih 2003. 

Under these circumstances some vague remedial proposals were made, 

some are physical: like compaction, stone columns and some are chemical by 

mixing gypseous soil with Lime, Bentonite, Sodium Silicate, Oil products, 

Calcium Chloride, Cement or use of some Asphaltic or Chemical Additives that 

control and prevent movement of water from coming underneath the 

foundations.  Some of these techniques which are based on small-scale model 

tests showed promising results although they have not been applied in the field 

yet. 

The present work is based on monitoring the behavior of full-scale field 

models footings and laboratory model footings constructed on gypseous soil. 

Some models were supported on unreinforcd soil and the others on soil 

reinforced with various types and patterns of reinforcements. 

1.2 Purpose of Study 

The main objective of this research is to investigate the feasibility of 

reinforcing gypseous soils (with high gypsum content) by using five types of 

locally manufactured reinforcement materials (steel grid, plastic grid, fine wire 

mesh, nylon strips and mats of reed coated with asphalt).  The study covers the 

effect of number of layers and the length of reinforcing layer on the 

collapsibility of these soils.  The effect of leaching process of gypseous soil on 
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the collapsibility, permeability, total soluble salts was also investigated using the 

laboratory models. This attempt is made to check weather the reinforcement 

with different types, patterns and other conditions will improve or control the 

collapsibility of gypseous soil. To arrive to such conclusions, twelve tests on 

four full-scale field models in addition to 74 laboratory model tests were 

conducted and monitored under different conditions.  

1.3 Scope of Study 

The skeleton of the thesis is divided into six chapters, brief introduction is 

presented in chapter one, while chapter two demonstrates the distribution of 

gypseous soils and some of their properties, problems and remedies are also 

discussed in this chapter.  Chapter three demonstrates a brief review about the 

mechanism and uses of earth reinforcement technique.  Chapter four is devoted 

to experimental and field works.  The details of the site and the location of the 

field and laboratory tests in addition to the physical, chemical and mineralogical 

properties of soils used are outlined.  Full description of the different stages of 

the field and laboratory tests are also presented.  Chapter five covers a thorough 

discussion of the full-scale field model and laboratory model tests results and the 

supplementary laboratory work.  Conclusions and recommendations for further 

work are outlined in chapter six. 
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Chapter Two 

General Introduction on Gypseous Soils 

2.1 Definition, Formation, Problems, Existence and Properties 

2.1.1 Definition and Formation 

Gypsum is a mineral salt represented by Hydrated Calcium Sulphate 

CaSO4.2H2O formed from 20.9% combined with water H2O, 46.6%, Sulphur 

Trioxide SO3 and 32.5% Calcium Oxide CaO.  It has low specific gravity 2.32, 

which generated large influence on the physical and mechanical properties of 

soil containing large amount of these materials.  It is typically sedimentary 

minerals, which is wide spread and is associated with sandstone, shells and 

carbonate rocks, Nashat 1990.  Its solubility is 2.6 gram/liter of pure water at 

25
o
C and at 1 atmosphere. The maximum solubility occurs between 35-50

o
C, 

FAO 1990. Gypsum can be transformed in to anhydrite upon heating.  

Dehydration starts at 40
o
C and reaches a level corresponding to the semi-hydrate 

at 70-90
o
C, FAO 1990. 

The most gypsum in the soils of Iraq came from the lower fars formation.  

The gypsum rocks (primary gypsum) consist of gypsum CaSO4.2H2O, anhydrate 

CaSO4 and alabaster (a fine grained, light colored, compact, non-crystalline 

form of gypsum), Buringh 1960. 

The secondary gypsum in the soil may be formed by: 

 Dissolution of primary gypsum rocks and precipitation in younger 

formation in both crystalline and amorphous forms. 

 Wind blown secondary gypsum from the gypseous desert areas and 

deposited on other soils, or precipitation from irrigation water. 
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 Sedimentary form evaporation of ground water in arid areas when 

secondary gypsum is accumulated in the layer above the capillary water 

zone. 

 Gypsum accumulation as a result of replacing the Ca
++

 of soil by Na
+
 

and Mg
++

 of the sulphate in ground water, consequently gypsum precipitates 

and the salt concentration of the ground water is decreases. 

 Oxidation of present rocks rich in sulphar components after a series of 

chemical reactions as in pyrite FeS2 that plays a major role in the existence of 

calcium carbonate CaCO3.  This is cited by Buringh 1960 and Taylor and 

Cripps 1984, as shown below: 

2FeS2+2H2O+7O2   2FeSO4+2H2SO4 

Then the sulphuric acid reacts with the carbonate to form gypsum  

H2SO4+CaCO3  CaSO4+CO2+H2O 

2.1.2 Construction Problems in Gypseous Soils 

Gypseous soil is a very hard material when it is in dry state. Upon 

wetting, the binders between particles will be broken, that will cause softening 

of the soil under the footing and sudden collapse of structures will occur, Al-

Mohammadi et al 1987.  Gypseous soils are often used as the natural foundation 

bases for loading and structures.  The Presence of gypsum in these soils 

represents one of the most complex engineering problems due to its detrimental 

behavior, especially when accompanied by environmental changes in moisture 

content, temperature and presence of certain types of salts, Al-Qaissy 1989. 

Civil engineers face severe problems when constructing on and in 

gypseous soils, e.g. the corrosive effect of sulphate concrete, the free CaO in 
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concrete reacts with sulphate dissolved in irrigation water or seeping water 

under formation of ettringite (Calcium Aluminum Sulphate).  Ettringite contains   

31 molecules of crystal water and the presence of this material leads to swelling 

and slow disintegration of the concrete.  This problem overcome by using 

sulphate-resistant comet, Alphen and Romero 1971. 

Failure by excessive leakage may take place because of defect in 

structural arrangements of the underlying street if they contain gypsum that 

dissolves when exposed to seepage water.  Therefore, failure may occur in 

hydraulic structures built in or on gypseous bed rock or gypsum deposits when 

water infiltrate through cracks in the hydraulic structures and forming cavities in 

the surrounding regions.  This behavior presents serious problem, Alphen and 

Romero 1971. 

Swelling of gypsum used as pavement material is another problem.  Thus 

the water movement with dissolution of gypsum at certain levels and its 

crystallization at other levels during water evaporation or leaching of gypsum 

from the upper parts and its crystallization in the lower parts produce swelling, 

Horta 1980. 

Gypsum tends to be less dangerous than anhydrite.  When anhydrite 

exposed to water, it will convert to gypsum causing an overall increase in 

volume with potential for generating pressures of considerable magnitude in 

excess of overburden, heaving take place, James and Lupton 1978. 

 

 2.1.3 Existence 

Gypsiferous soils are occupy about 0.6% of the world area including 

countries such as Spain, Argentina, Australia, Somalia, Tunisia, Algeria, Libya, 

Syria and Iraq, Alphen and Romero 1971.  These soils were found mainly in 

arid and semi-arid zones with less than 400 mm of annual rainfall and in the 

middle and lower parts of the landscape. Gypseous soils exist in areas when 
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gypsum rocks or sediments are present and rainfall is too scanty to leach 

gypsum out of the soil profile, Nashat 1990. 

 

Buringh (1960) presented the first map regarding the distribution of 

gypsum in Iraq.  This map shows five zones.  The primary gypsum located in 

the extreme North followed by primary gypsum mixed with limestone extending 

from the West desert to the South.  Secondary gypsum concentration in the 

Middle Third of Iraq.  Gypsiferous alluvium covering a wide area of the East 

Side of Iraq and extending from the North to the South.  A more refine map for 

the distribution of gypsum in Iraq was presented by Al-Barazanji 1973, as 

shown in figure (2-1).  This distribution is similar to that proposed by Buringh 

1960, except that it provides a primarily gypsum ratios for sixth zones indicated 

in the map.  The northern part of the upper Jazirah is characterized as slightly 

gypsiferous over gypsum bedrock, followed by gypsum desert, which belongs to 

the lower Jazirah.  Then the moderately to highly gypsiferous soils over gypsum 

and hydrite rock which represents the southern part of the upper Jazirah.  The 

highly gypsiferous soils concentrated in the upper and middle Euphrates and 

Tigris terraces of Pleistocene formation.  The moderately to highly gypsiferous 

associated with lime is located in the West desert to the South, while the East 

Figure (2-1): Regions of gypseous soils in Iraq (After Al-Barzanji, 1973) 
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side of Iraq is characterized as non to slightly gypsiferous soils 

The distribution of gypseous soils by countries is shown in Table 2.1  

 

Table 2.1 Distribution of Gypseous Soils in the World, FAO (1990). 

 Country km
2
 

% of total area 

of country 

% of area of 

gypseous soil 

Africa 

Morocco 14.3 2.5 1.7 

Algeria 966.3 3.3 12.2 

Tunisia 439.8 9.3 2.2 

Libya 956.8 2.2 6.0 

Egypt 82.2 0.4 0.6 

Sudan 85.0 0.3 1.2 

Somalia 10161.2 16.2 15.5 

Ethiopia 4423.4 1.3 2.2 

Mali 2818.3 2.3 4.3 

Mauritania 396.7 0.4 0.6 

Namibia 5327.7 6.5 8.2 

South 

 Asia 

Syria 3966.6 21.6 6.0 

Jordan 80.5 0.8 0.1 

Saudi Arabia 82.5 0.04 0.1 

Yemen A.R. 2931.0 8.8 4.5 

Iraq 4779.2 11.0 7.3 

India 182.0 0.06 0.3 

Central 

 Asia 

USSR 5074.9 0.2 7 

Mongolia 60.9 0.04 0.1 

China 11484.9 1.2 17.5 

Europe 
Turkey 64.2 0.08 0.1 

Spain 165.5 0.3 0.3 
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2.1.4 Properties of Gypseous Soils  

It has been stated that during the last two decades, a number of published 

data have been reported concerning the geotechnical properties of gypseous 

soils.  Most of these data were oriented towards the compressibility, 

collapsibility, permeability and shear strength of gypseous soils. 

The mechanical behavior of gypseous soils depend mainly on gypsum 

content, size and distribution of gypsum in the soil, dissolution and transport of 

gypsum in soils in addition to the texture of the soil. 

2.1.4.1 Compressibility of Gypseous Soils and Effect of Leaching 

Gypsum acts as a binder between soil particles causing the soil to be very 

hard when it is dry.  Thus, gypseous soils are reliable for construction under dry 

conditions and even under short-term of water flow, but become problematic, 

collapsible, and undergo large settlement under long term flooding with water, 

Al-Barzangi (2003). 

Bjerrum (1971) studied compressibility of Norwegian Marine Clays 

during leaching.  The author observed that the clay consolidate more rapidly 

when the salt content decreased from 26 mg per liter to 2 gm per liter, and then 

come to equilibrium during the leaching process.  

Kazi and Moum (1973) studied the compressibility of normally 

consolidated Marine Clay.  They showed that leaching increases the 

compressibility and an additional settlement of 3% take place during leaching. 

Mikheev et al (1977) studied the compressibility of gypseous soils 

subjected to static load and long term wetting in the field using plate load test.  

The authors observed that these soils exhibited low compressibility at their 

natural state (short-term wetting).  Upon long term wetting (leaching), large 

settlement occurred, which ranged between 76% to 91% of the total settlement 

of the plate, as a result of gypsum removal from the soil.  The authors observed 
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also that the depth of deformed zone at the end of the test amounted to 1-1.5 

times the length of the side of the plate. 

Arutyunyan (1978) investigated the settlement of the gypsified soil in 

Erevan where many cracks and damages in its buildings were observed.  The 

used soil with G.C=14% was placed in layers and compacted to a predetermined 

unit weight at its optimum moisture content. The author showed that the 

occurrence of settlement was due to the loss of structural bond from those 

occurring due to leaching of gypsum; static flooding of soil under certain load 

carried out at first, then leaching of gypsum was achieved by continuous 

seepage of water.  The study revealed that a certain settlement due to flooding 

had occurred and continued progressively under the effect of leaching of 

gypsum from soil.  The author showed that the pre-construction flooding of soil 

could not prevent slump-type settlement later since no complete removal of 

gypsum from its composition occurred. 

Petrukhin and Boldyrev (1978) conducted field (load - settlement) tests 

on gypsiferous soils.  They studied the effect of brief flooding and long term 

flooding of water (leaching).  The authors concluded that in a natural state and 

in the case of brief flooding, gypsiferous soils are not very compressible and are 

sufficiently reliable soil base, but in the case of long term flooding, settlement 

develops as the gypsum dissolved and leached out of the soil.  The authors 

stated that the settlement magnitude depends on the soil type, initial gypsum 

content and relative amount of leaching salts. 

Al-Khashab (1981) showed that the leaching process on gypseous soil 

decreases the liquid limit (L.L), plasticity index (P.I) and the coefficient of 

consolidation (cv) while it increases the shrinkage limit and compression index 

(Cc).  The author also showed that the leaching process decreases the cohesion 

(c), while the angle of friction remains unchanged.  

Mckown and Ladd (1982) studied the effect of Cementation on the 

compressibility of Calcareous Clay Shale.  The authors observed that the 
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formation of CaCO3 in small amount appears to cement the structure of this 

shale leading to increase the pre-consolidation pressure.  While the reduction in 

CaCO3 content by leaching causes an increase in compressibility and a reduction 

in the pre-consolidation pressure.  The authors attributed this behavior to the 

destroying of the cementing bonds between the soil particles. 

Ramiah (1982) studied the effect of gypsum content on the 

compressibility of Baghdad silty clay soils.  The author showed that there was a 

slight decrease in the amount of compression index (Cc) when 3% of gypsum 

was added, while it showed a slight increase in its value when 6% of gypsum 

was added.  The author concluded that the addition of 3% and 6% of gypsum 

had negligible influence on the coefficient of consolidation (cv). 

Al-Khuzaie (1985) investigated the variation of the engineering properties 

of Al-Jazira soil, with 30-41% gypsum content, upon leaching.  The study 

showed that the pre-consolidation pressure and the coefficient of consolidation 

decreased upon leaching.  On the other hand the compression index and void 

ratio increases after leaching gypsum from the soil.  

Seleam (1988) studied the compressibility of a gypseous sandy soil with 

gypsum content ranges from 26% to 80%.  The author showed that the 

compressibility is proportional to the gypsum content and that the compression 

index decreases as the gypsum content increases.  The study also showed that 

leaching the gypsum from the soil was greatly affecting the compressibility and 

increasing the compression index. 

Al-Qaissy (1989) studied the effect of gypsum migration on the 

compressibility of gypsified soil.  The author observed that the migration of 

gypsum through that soil leave three zones with different soil behavior due to 

the change in their properties as a result of gypsum migration.  The three zones 

are, zone of gypsum migration, zone of gypsum leaching and zone of gypsum 

precipitation.  Consolidation test on samples extruded from these zones showed 

that the lower values of compression index (Cc) were collected from samples of 
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precipitated gypsum compound and with those of no migration of gypsum 

whereas the higher values of compression index (Cc) were from the leached 

samples compared with those of no gypsum migration.  The author attributed the 

first behavior to the cementing action of the precipitated gypsum, which makes 

the movement of those soil particles more difficult.  Moreover, the reduction in 

void ratio associated with gypsum precipitation within the pores of soil, which 

reduces the compressibility.  The author showed that the higher values of (Cc) 

for the leached samples were due to the enlargement of pores; therefore, 

movement of soil particles will be easier under compression.  Thus, higher 

compressibility of the soil mass and (Cc) values are expected. 

Al-Dilaimy (1989), studied the effect of adding different gypsum content 

on the compressibility of a cohesive soil.  The study showed that the 

compression index increase with a rate decreasing gradually as the gypsum 

content increase to 10%.  After this percent the compression index (Cc) increase 

rapidly as the gypsum content reaches 20%.  This behavior was attributed to the 

increase in the void ratio as the gypsum content increase more than 5%. 

Nashat (1990) investigated the properties and behavior of gypseous soils, 

taken from three different sites in Iraq (Baiji, Tellafer and Al-Doar).  The 

influence of soaking and leaching on the mechanical properties was investigated 

using One-Dimensional Rowe cell and Consolidated-Undrained Triaxial Cell 

(CU test).  The author showed that the conventional testing procedures were not 

applicable to the gypseous soils because it did not take into account the 

solubility of gypsum and its mobility to leaching.  The author concluded that the 

soaking and leaching process of gypseous soils, lead to great reduction in shear 

strength and high settlement.  

Razouki et al (1994) studied the problems of gypsiferous soils in Iraq.  

The authors showed that the compression index of gypsiferous soils is very 

sensitive to leaching and serious increase in this index can take place after 
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leaching even for soils with low gypsum content, while the compression index is 

rather less sensitive to leaching. 

 

2.1.4.2 Collapsibility of Gypseous Soils 

Gypseous soil is unsaturated soil that goes through a radical arrangement 

of particles, and great loss of volume upon wetting with or without additional 

loading, Clemence 1981. 

Jennings and Knight (1957) introduced a test called "double oedometer 

collapse test", to measure the collapsibility of the soil.  This test consist of 

conducting the standard consolidation test on two identical samples, the first one 

was tested at its natural water content with no addition of water while the second 
one is tested when the sample is submerged in water for a day before testing. 

The (e-log p) graph was established for the two samples so that at any stress 

level the collapse potential (C.P) can be calculated. 

In which: 

where: 

∆Hc= change in height of the two samples  

 ∆e= change in void ratio of the two samples at the same stress  

          H= initial height. 

e= natural void ratio. 

Knight (1963) measured the collapsibility in a different way which is 

called single collapse test, in which a sample is fitted in the consolidometer ring 

and then the load is applied progressively until 200 kPa is reached.  At the end 

of loading, the specimen is flooded with water and left for a day, the 

consolidation test is carried on to its maximum loading. 
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Dudly (1970) showed that the amount of collapse and its rate are affected 

by (mineralogy of the material, percentage of each type of clay mineral, shape of 

the bulky grains, grain size distribution, natural moisture content, void ratio, 

pores size and shape, cementing agents and the type of ion in the pore water).  

The author concluded that for collapse to occur, the soil must start with what he 

call " open structure " or large void ratio and must have a temporary sources of 

strength which reduces upon addition of water.  The author observed that some 

soils collapse upon wetting without an additional surcharge, while others need 

surcharge to occur. 

Barden et al (1973) concluded that the collapse of the soil requires 

specific conditions: 

1. Open potentially unstable, partly saturated structure. 

2. High enough value of an applied or existing stress component to 

produce a meta-stable structure. 

3. A strong soil bonding or cementing agent to stabilize inter-granular 

contacts, which is removed upon wetting as shown in figure (2-2). 

Figure (2-2): Typical collapsible soil structures (After Barden et al 1973) 

 

Jennings and Knight (1975) suggested some values of collapse potential 

as shown in Table (2-2). 
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Table (2-2) Values of collapse potential after Jennings and Knight (1975). 
Severity of the Problem Collapse Potential (Cp%) 

No problem 0-1 
Moderate trouble 1-5 
Trouble 5-10 
Severe trouble 10-20 

Very severe trouble > 20 
 

Petrokhin and Boldyrev (1978) performed collapse upon wetting in field 

testes on gypseous soils using plate load test.  The authors observed that upon 

wetting the gypseous sand collapsed and its collapse settlement amounted to 

50% of the total settlement of the plate.  They showed that this settlement was 

caused by a pronounced weakening and disturbance of the structural bonds of 

the soil due to dissolution of the readily soluble salts at places of contact of the 

sand particles. 

Arutyunyan (1978) attributed the occurrence of the collapse settlement of 

gypseous sand on the decrease in the strength of the structural bonds and the 

capillary saturation is sufficient to produce that process. 

Clemence et al (1981) showed that the increase in load would increase the 

rate of solution, which could produce a delayed increase in consolidation.  The 

author also mentioned that whatever the physical basis of the bond strength 

between soil particles, all collapsible soil loose their strength by the addition of 

water. 

Al-Mohammadi et al (1987) investigated compressibility and 

collapsibility of gypsiferous soils from two sites in Iraq.  The authors observed 

that these soils have high collapse potential, which ranges between 10% to 20%. 

They also showed that the value of collapse potential depends on the stress level, 

void ratio, type of gypsum, grain size distribution and soil structure. 
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Seleam (1988) showed that the gypseous sandy soil is considered as 

moderately collapsible soil, with a collapse potential ranging from 0.7% to 4.4% 

according to their gypsum content.  She also found that the collapse potential for 

both flooding and leaching of the soil to be 13%, which considered as a severe 

problem.  The author attributed this behavior to the leaching process that washed 

out the dissolved gypsum and provided continuous flow of water for the 

dissolution and the removal of the cementing agent for the soil. 

Petrukhin (1989) studied the collapsible and suffusion deformation of 

gypseous soils in laboratory by means of compression-filtration tests.  The 

author observed that looms are always collapsible soil with short term 

moisturizing but sandy looms have collapsibility properties only with 

considerable content of gypsum.  An empirical formula for defining suffusion 

compression of gypsy looms and sandy looms have been presented in his study. 

Al-Nouri and Al-Qaissy (1990) carried their tests on gypsified cohesive 

soil with low, medium and high gypsum content.  The authors observed that the 

collapse potential increased at low percent of gypsum and reduced at soils 

containing moderate to high gypsum content.  Nashat (1990), who showed that 

the soil of high gypsum content exhibited very low collapse potential, mentioned 

the same observation.  The author attributed this behavior to that, the water may 

not dissolve highly cemented bond that presence in gypseous soils 

Al-Ani and Seleam (1993) showed that the collapse potential, 

compression index, expansion index and volumetric strain are decreased with 

increasing initial water content.  The authors carried series of Oedometer tests to 

investigate the effect of wetting on the shear strength parameters and 

collapsibility of gypseous soil.  The authors concluded that the increase in the 

initial water content of the gypseous soil causes a decrease in what they call the 

apparent cohesion and the angle of internal friction. 

Razouki et al (1994) showed that the rise in water table causes softening 

of the soil resulting in the loss of shear strength and increase the settlement.  The 
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authors showed that the saturation of gypseous soil with time may cause sudden 

settlement of the structure. 

Nashat et al. (2001) showed that soaking dry soil or partially saturated 

soil with water causes collapse of the gypseous soil, without flow of water.  The 

authors concluded that there were many factors that affect the collapse (soaking 

pressure, initial void ratio, initial water content, gypsum content and time 

duration of sustained load). 

Al-Gabri (2003) investigated the collapse behavior of gypseous soils 

using three methods (Oedometer, CBR and Laboratory model tests).  The soils 

used were brought from two sites, Tikrit and Al-Dour, in Salah Al-Deen 

governate with 47% and 65% G.C respectively.  The author showed that the 

collapse potential decreased with increasing the dry unit weight and initial water 

content.  The author used measured the collapse potential using three different 

laboratory model samples, Oedometer cell, CBR mold and a circular section 

container with 300 mm diameter.  A series of tests were carried out on the 

specimen of different densities (14, 15 and 16 kN/m
3
).  The results indicated that 

the collapse potential for laboratory model sample was 12 times that of the 

Oedometer test during the first 24 hours of soaking test. 

2.1.4.3 Permeability Test and the Effect of Leaching 

The leaching process can be defined as the removal of soluble matters 

from soil either by water table fluctuation or by percolation of water in to the 

soil.  The process can take place under a hydraulic gradient or by diffusion, as 

reported by Al-Abdullah (1996).  Gypsum in the soil dissolved due to 

infiltration in to gypseous soils or due to water table fluctuation producing 

cavities and progressive settlement of buildings.  Furthermore it may increase 

the permeability (k) of granular zones or enlarge fissures with dramatic increase 

of flow rate in hydraulic structures, seleam 1988. 

Alphen and Romero (1971) observed that the internal drainage of 

gypsiferous soils is normally moderate to rapid, but it may impede by the 
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presence of gypsum layer.  The authors cited several values for the coefficient of 

permeability ranges between (300 - 4750 mm/day) in the subsoil layer and (1600 

-8200 mm/day) in the surface layer for different gypseous soils from the 

Euphrates basin in Syria with gypsum content ranges between 1% and 55%, all 

being sandy loam.  Table (2-3) shows different values of the coefficient of 

permeability with different gypsum content. 

 

Table(2-3): Permeability of some gypsiferous soils in the Euphrates basin in Syria (After 

Van Alphen and Romero, 1971). 

Gypsum Content,% 0.1 1.0 14 20 35 47 54 

Coefficient of 

Permeability (k), 

mm/day 

1700 1850 8200 1800 4750 1300 2200 

 

Generally, many researchers observed that, the permeability of the soil 

increases with leaching at the beginning then decreases in an uneven manner. 

Arutyunyan and Manukyan (1983) assumed a hyperbola for the variation 

of k with an asymptote k=10 mm/day as shown in Figure (2-3).  The authors 

attributed the attenuated nature of k variation to the uniform distribution of 

gypsum within the soil specimen. 



38 

 

 

Barzanji (1984) investigated the infiltration characteristics of gypseous 

soil from Al-Jazira irrigation project.  The author showed that the infiltration 

rate increases with increasing gypsum content. 

Al-Kadhi (1985) showed that the permeability of gypseous soil depends 

primarily on the gypsum content and water quality, moreover the author marked 

an increase in the final permeability value with increasing gypsum content due 

to dissolution of the gypsum by the water. 

 Al-Dilaimy (1989) observed that increasing of gypsum content leads to 

an increase in the permeability.  The author attributed this behavior to the 

increase in the void ratio, after the gypsum content reached 5%.  

Figure (2-3): Variation of the coefficient of permeability with time during 

leaching of gypseous soil (After Arutyunyan and Manukyan 1983). 
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In general, the permeability was found to decrease rapidly with time 

except in the early stages where some fluctuations were observed, while at the 

final stages the value of coefficient of permeability stabilized.  Nashat (1990) 

attributed this phenomenon to the complicated process as both the removal of 

gypsum and the collapse occurs simultaneously, as shown in figure (2-4). 

Figure (2-4): Variation of permeability with time during leaching of gypseous 

soil (After Nashat 1990). 

The fluctuations in the coefficient of permeability (k) values observed by 

Nashat (1990) agreed with the findings of many researchers (Seleam 1988), 

Mohammed (1993), Sheikha (1994) and Zakaria (1995).  

Al-Jumaily (1994) showed that the permeability of gypseous soil 

increased in the early stages until a peak value, then decreased gradually when 

its particle frame settles.  The author showed that, as the loose soils contained 

high gypsum content, the permeability might be increased continuously as a 

result of piping phenomenon within the soil mass. 

Sheikha (1994) concluded that the permeability increases with high 

gypsum content and decreases with low gypsum content.  
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Al-Assadi (1995) showed that the permeability decreases with increasing 

of the salt content.  
 

2.1.4.4 Shear Strength test and the Effect of Leaching 

There are many causes of collapsed or distressed buildings in recorded 

regions where gypseous soils represent the foundation soil.  This is mainly due 

to a significant reduction in the shear strength associated with gypsum wetting 

and dissolution. 

Kazi and Moum (1973), Torrance (1974), Mikheev et al (1977), 

Petrukhin and Arakelyan (1985), AL-Kuzaie (1985), Al-Layla and Taha 

(1985), Seleam (1988), investigated The effect of leaching on the behavior of 

gypseous soil. 

Brenner et al (1981) defined leaching as, the process that removes 

materials in to solution, salts and cementing agents, from a section in soil profile 

under the action of flowing water. 

Kazi and Moun (1973) investigated the effect of leaching of normally 

consolidated marine clay.  The authors showed that the loss of strength upon 

leaching is due to the alteration of orientation of particles resulting in changing 

the flocculated structure to a dispersed one. 

Taha (1979) showed that the shear strength decreases in response to 

leaching process.  From the microstructure study, the author sowed that there 

was no clear difference between unleached and leached soil structure. 

Al-Khashab (1981) observed that there was a slight decrease in cohesion 

as a result of leaching, while the angle of internal friction stayed almost 

unchanged.  The author demonstrated that the leaching process has minor effects 

on the microstructure because of the existence of gypsum in soils. 
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Figure(2-5): Relation between cohesion and angle of internal friction with gypsum 

content, curves 1 and 3 for zero degree of leaching.  Curves 2 and 4, for 100% degree of 

leaching.  (After Petrukhin and Arakelyan 1985). 

Akili and Torrance (1981) showed that percolation of rain causes 

dissolution of the cementing agent such as mainly gypsum and calcium 

carbonate causing a sudden reduction of the strength. 

Ramiah (1982) carried out a series of unconfined compression testes on 

Baghdad silty clay soil.  The author also studied the effect of gypsum content on 

shear strength with (3, 14, 28 and 56 days) duration, with and without gypsum.  

The author concluded that soaked and unsoaked specimen revealed that the 

strength versus time exhibited cyclic behavior and the peak strength occurred 

after 20 to 30 days of specimen preparation.  The author also observed that the 

addition of gypsum (3%, 6% and 10%) in unsoaked compacted specimens 

caused an increase in strength (qu), while soaked specimens exhibited lower 

strength increase. 

Al-Kuzaie (1985) showed that the reduction of the cohesion and the angle 

of internal friction were due to the removal of gypsum and other soluble salts 
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which serves as a cementing agent.  So, the soil becomes weaker and the 

mobilized shear resistance decreases. 

Petrokin and Arakelyan (1985) showed that the shear strength parameters 

continue to increase as gypsum content increase to approximately 15%, then a 

loss values was observed for further increase in gypsum content.  They 

attributed this behavior to the decrease in void ratio due to the formation of 

gypsum crystals in the pores of the soil up to 15% as shown in Figure (2-5). 

 

Subhi (1987) carried series of unconfined compression test on remolded 

soil to investigate the effect of gypsum on compressive strength.  Specimens 

compacted at their optimum moisture content using different gypsum content.  

The author observed that there was a considerable increase in shear strength of 

the soil with an increase of gypsum content.  He attributed this behavior on the 

combination of mechanical interlock of the gypsum, clay particles and the 

chemical cementation of gypsum. 

Seleam (1988) showed that the shear strength of the natural and treated 

gypseous soil with some oil products exhibited extremely high values of 

cohesion or cementation and angle of internal friction and the shear strength 

parameters increase with increasing gypsum content.  On the other hand 

leaching of the soil causes a decrease in cohesion significantly with a slight 

increase in the angle of internal friction. 

Sirwan (1989) carried out field and laboratory tests to investigate the 

shear strength parameters of gypseous soils.  In the field test a site 150 km north 

of Baghdad was selected.  Triaxial, penetration and plate loading tests were 

carried at different moisture content, to investigate the behavior of the gypseous 

soil upon wetting and its effect on the strength.  The author concluded that the 

angle of internal friction of dry gypseous soil is of the order of (40
o
), dropping 

upon wetting to (29
o
).  The author also sowed that there was a little difference in 
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strength existed between undisturbed and remolded samples of similar porosity 

and moisture content. 

Al-Dilaimy (1989) investigated the effect of gypsum on the shear strength 

and deformation of remolded clay.  The results of consolidated undrained 

triaxial tests indicated that the strength of the soil increased as the gypsum 

content increase up to a peak value of 5%, then gradually decreased as the 

gypsum content increased to 20%.  The study showed that the value of cohesion 

component (c) was greater than that for natural soil while the friction component 

became smaller than that for the natural soil. 

Al-Qaissy (1989) studied the effect of gypsum content on the shear 

strength parameters of cohesive soils.  Remolded soil samples, with different 

gypsum content were tested in laboratory under the same natural field 

conditions.  The consolidated undrained triaxial test results showed that the 

cohesion decreases as the gypsum content increase.  The author showed that the 

reduction in cohesion was attributed to the decrease in the percentage of 

cohesive materials whereas the value of the angle of friction increases as the 

gypsum content of the soil increases.  He attributed the increase in the angle of 

friction of the soil, to the fact that the friction between gypsum and soil particles 

which is greater than that between mineral components of the soil. 

Al-Nouri and Al-Qaissy (1990) studied the shear strength of artificial 

gypseous clayey soil.  The authors observed that the increase in gypsum content 

reduces the cohesion component of shear strength while it increases the angle of 

internal friction. 

Nashat (1990) investigated the properties and behavior of gypseous soils 

in Iraq by conducting a series of laboratory tests on undisturbed and disturbed 

samples.  The author showed that soaking and leaching of gypseous soils lead to 

great reduction in shear strength and high settlement.  The study showed that the 

gypseous soil exhibited very high shear strength when it is in dry state.     
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Razouki et al (1994) investigated properties of gypseous soil in Iraq. The 

authors showed that the hardness of gypseous soils may be obtained by a small 

gypsum content, more than 4%, further hardness is not strictly dependent on the 

increase in gypsum content.  The authors sowed that the strength of gypseous 

soils depends inversely on the applied load during testing.  They also observed 

that a reduction of (11degrees) was immediately measured in the angle of 

internal friction of Al-Dore gypseous soil. 

Al-Jumaily (1994) investigated the engineering properties of gypseous 

soils.  The author showed that the crystal lattice of gypsum combined with the 

soil structure in resisting of external loads.  The author showed that the increase 

in strength of dry gypsum leads to the increase in its cohesion while the value of 

friction varied according to crystal lattice pressure and what caused by confining 

pressure stress and the additional friction surfaces obtained from the gypseous 

substances. 

Al-Abdullah (1996) showed that the value of undrained strength was 

affected by the presence of gypsum.  A considerable increase of the undrained 

shear strength was observed up to 8% gypsum content, then it decreased.  The 

author noticed that the effective angle of shear resistance remains almost 

constant, and the shear strength parameters are not really affected by the 

existence of gypsum up to 8% of gypsum content. 

Sulaiman et al (1996) studied the geotechnical properties of highly 

gypseous sandy silt and gypseous clayey silty sand soil.  The gypsum content 

varies between 20%-60%.  They found that the cohesion of soil is inversely 

proportional with the soaking period while the effect of soaking on the angle of 

internal friction appears to be very small when compared with its influence on 

the cohesion. 

Al-Saoudi (2001) showed that the collapse due to leaching was greater 

than that due to soaking, especially when there was high hydraulic gradient.  
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The author observed that leaching process caused the dissolution of gypsum in 

rapid period and cavities in gypseous soil developed. 

Summary of the main results on the general behavior of gypseous soil is 

summarized in Table (2-4). 
Table(2-4): Comparison between (k,c, and C.P% with G.C%) for different 

researchers. 
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2.1.5 Gypseous Soil Remedies 

In the process of designing and building structures on gypseous soils, the 

soil engineer needs to consider whether the soil properties can be economically 

improved or not.  In response to these needs many authors investigated special 

techniques.  In many instances the use of these techniques in the site may be 

costly.  The following methods highlight the available methods to improve the 

engineering properties of gypseous soils.  

  
2.1.5.1 Physical Treatment of Gypseous Soil 

2.1.5.1.1 Treatment of Gypseous Soils by Compaction 

 Riani and Barbosa (1989) carried out field and laboratory double 

odometer test for both compacted (improved) condition and untreated condition.  

The authors observed that the soil sensibility to wetting was quite reduced 

mainly for lower stress levels.  The consolidation curves for the remolded and 

laboratory compacted samples showed greater effects of the soil treatment 

process in relation to the collapse reduction, since soil compressibility was 

minimized and wetting effects almost disappeared.  The authors also observed 

that the collapse depends on applied pressure as shown in figure (2-6).  The peak 

values ranging from (10% to 13%) for natural soil condition were reduced from 

(2% to 7%) after soil treatment by compaction.  The authors recommended that 

the major collapse reduction corresponding to the greater vibration energy 

applied to the soil by the compaction equipment (16 passes). 

Ferreira and Texeira (1989) developed a study of a practical case in 

construction of popular housing construction with 1856 units in Brazilian.  The 

author showed that the soil with compaction condition of humidity 8%, 

saturation higher than 28% and dry specific weight higher than 19 kN/m
3
, 

collapse could be neglected. 
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Petrukhin and Mikheev (1983) studied the effect of compaction on the 

improvement of the properties of gypseous soil.  The authors observed that, soils 

containing less than 35% gypsum decreases the seepage capacity of gypseous 

soil. In addition, for soil containing more than 35% gypsum the author proposed 

roasting of soil at 800-1000
o
C for 6 hours, and then soil compaction was 

applied. 

Al-Heeti (1990) investigated the effect of gypsum content on the shear 

strength of compacted clay.  Results of unconfined, triaxial and plane strain tests 

indicated that there is an increase in the shear strength of the soil as the gypsum 

content increases up to 20%.  This increment accompanied by a decrease in the 

value of cohesion and the increase in the amount of the angle of friction. 

Al-Khafaji (1997) presents empirical equations, to find the maximum dry 

density and the optimum moisture content from knowing the plastic and liquid 

limit.  This equation works when the gypsum content <50%. 

 

Figure (2-6): Collapse ranges for both natural ground and      

compacted conditions (After Reiany and Barbosa 1989) 
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where  

ρd:density in Mg/m
3 

o.m.c: optimum moisture content 

 

2.1.5.1.2 Treatment of Gypseous Soil by Stone Columns 

Al-Barzangi (2003) investigated the behavior of gypseous soil and the use 

of stone columns to improve the engineering properties of gypseous soil.  The 

traditional and modified stone columns were used.  Four stone columns of 40 

mm diameter, 200 mm depth and 70 mm center to center was constructed in a 

steel laboratory model 600*600*500 mm.  The author used a square footing of 

140*140 mm, which placed on the top of the surface.  The author showed that 

there was a reduction of the collapse settlement due to the presence of water in 

the treated soil by stone columns.  The author showed considerable reduction of 

74% in the collapse settlement of the traditional stone columns model, and a 

reduction of 59% of the collapse settlement for the stone columns stabilized with 

35% sand and 10% hydrated lime. The author showed that the soaked model 

exhibits a deformation ratio of 3.5% for gypseous soil treated with traditional 

stone columns and for leaching test the deformation ratio was 6.44%. 

Salih (2003) investigated the possibility of using stone columns stabilized 

with 3.75% liquid asphalt and 7.5% lime of the total weight to control the 

collapsibility of gypseous soils due to wetting.  Four field model footings were 

performed on a site in Al-Dour region in Salah Al-Deen governate.  Each model 

footing is 1250 mm*1250 mm, two were placed directly on the ground and the 

other two placed on ground treated with four stabilized stone columns, 300 mm 

in diameter and 1500 mm in length.  The author considered that the stone 

columns as a successful technique for controlling the collapsibility of gypseous 
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soils which reduced the settlement about 33% and 50% at applied stress of 32 

and 44.8 kPa respectively.  

Al-Ameery 2003 present an attempt for controlling the collapsibility of 

gypseous soil by reinforcing it with traditional and modified stone columns 

constructed in Gypseous soil with GC=70%.  The soil was compacted to the 

field density inside 600*600*500 mm steel container.  Four stone columns were 

excavated 40 mm in diameter and 200 mm depth and with 70 mm c/c which 

contained crushed stone, cement, asphalt, and sand.  A square footing 140*140 

mm placed at the surface of the soil bed.  The maximum soaking pressure=40 

kPa.  The author concluded that 77% reduction percent in deformation ratio was 

observed for laboratory model.  reinforced with stone columns stabilized with 

25% sand, 7.5% cement and (w/c=0.6).  the author shows that this model was 

the effective one in soaking and leaching test.  All tests were curried under the 

same conditions (initial moisture content=6.5%, field unit weight=12.88 kN/m
3
, 

soaking pressure=40 kPa. 

Mohammed (2003) investigated the possibility of controlling water 

penetration into a gypseous soil, and by so controlling the collapse of soil due to 

wetting.  The authors work included field work in Al-Doar region with 70% 

gypsum content.  Automobile Oil (U.A.O) and Fuel Oil (F.O) were used as 

improving materials due to their availability and low coast.  Two footings 

2*1*0.5 m were constructed in the field on a treated gypseous soil blanked.  The 

author showed that the addition of 4% (U.A.O) and (F.O) to gypseous soil 

improved the behavior of gypseous soil while the reduction in values of 

cohesion and angle of internal friction was considerably controlled and reduced.  

Tests were carried at the same field conditions (initial moisture content=6.5%, 

field density=12.8kN/m
3
). 

Mirza (2003) investigated the possibility of controlling the collapsibility 

of gypseous soil using the modified stone columns by asphalt and cement 

technique using 1.25*1.25 m field model footing which were constructed on a 

site near the Sodium Sulfate factory in Al-Doar region.  The soil used with 
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GC=66%.  Two model footings were placed on the natural ground and two other 

footings were placed on treated ground with four stone columns.  The stone 

columns were 0.3 m in diameter and 1.5 m in length with 0.7 m c/c in a square 

pattern.  The footings were subjected to soaking stress=44.8 kPa.  The whole 

area supporting the four footings was flooded with water for 90 days at a rate of 

20-30 m
3
/day.  The author shows that the stabilized stone columns have reduced 

the collapsibility of Al-Doar gypseous soil by 56% and 53% at 32 kPa and 44.8 

kPa applied pressure respectively.  Field tests were carried at the same 

conditions (initial moisture content=6.5%, field unit weight=12.8 kN/m
3
 and 

soaking pressure=44.8 kPa. 

Al-Ani 2003 investigated the possibility of improving engineering 

properties of Al-Doar soil with GC=65% by adding bentonite to laboratory 

Gypseous soil models.  The soil mixed with different percentages of bentonite 

(2.5, 5, 7.5 and 10%).  The results of direct shear test showed that the collapse 

potential decreased to a certain value then increased with the addition of 

bentonite.  The author showed that the optimum mix percent was 7.5%.  He also 

concluded that the addition of bentonite to the gypseous soil increased the 

cohesion.  While the angle of internal friction increased to a certain value then 

decreased.  All tests were conducted using circular steel container (560 mm 

diameter and 300 mm deep).  Laboratory models were tested at the same 

conditions: (initial moisture content=9%, GC=65%, dry unit weight=12.8 and 

soaking pressure=80 kPa). 

 

2.1.5.2 Chemical Treatment of Gypseous Soil 

2.1.5.2.1 Lime Stabilization of Gypseous Soils 

Al-Obaidy (1992) studied the suitability of lime addition to stabilize soil 

containing different quantities of gypsum (7%, 23% and 34% gypsum).  These 

soils were stabilizing with different percentages of lime (3%, 5%, 7% and 9%).  

The auther showed that the addition of lime improves their strength considerably 
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and the addition of (3) percent of lime makes the soils nonplastic.  He also 

investigated the effect of leaching on the properties of treated and untreated 

gypseous soils. The author showed that the unconfined compressive strength of 

untreated soil decreases with leaching of the soil, while the decrease in the 

unconfined compressive strength of the soil treated with (5) percent lime is little 

compared with the untreated soil. 

Al-Janabi (1997) studied the effect of lime to improve gypseous soils.  

Two soils were used in this study with different gypsum content (20% and 

82%).  The author carried series tests by conducting the standard consolidation 

on treated and untreated gypseous soil.  Different percentages of lime were used 

to stabilize the gypseous soil.  The mixture was compacted using the standard 

compaction test, cured during 48 hours at 49
o
C.  The author showed that there 

was a considerable increase of the unconfined compressive strength with 

increasing the lime percent.  This behavior was continued, until an optimum 

value of lime percent, after this the strength starts to decrease. 

 

2.1.5.2.2 Treatment of Gypseous Soil by Bentonite 

Al-Abdullah et al (2000) investigated the effect of bentonite to improve 

the properties of gypseous soil.  The authors mixed the soil with bentonite at 

different percentages (2.5%, 5%, 7.5% and 10%).  The soil used with gypsum 

content of 45%.  The authors showed that bentonite had significant effect to 

reduce the collapse of the gypseous soil, and mixing 2.5% of bentonite will 

decrease the collapse potential effectively.   

 

2.1.5.2.3 Treatment of Gypseous Soils with Sodium Silicate 

 Abood (1994) tested two types of gypseous soils with different 

percentages of gypsum.  Mixing raw gypsum with natural clayey soil formed the 

first type of gypseous soil while the second type was a sandy soil taken from 

two locations, Jurf Al-Sakhar and Al-Qaqah Establishment. These soils were 
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treated with different percentages of sodium silicate solution.  The author 

showed that the addition of sodium silicate to the gypseous soil improves its 

strength and reduces its collapsibility.  He improved that the collapse potential 

decreases with increasing the percentage of sodium silicate in both types of 

gypseous soil.  The author also investigated the effect of leaching on the 

collapse potential of the treated and untreated samples with sodium silicate.  The 

results showed that, after leaching the collapse potential in treated condition is 

lower than that in untreated condition.  The author also showed that the 

permeability and total soluble salts of the gypseous soil reduces for samples 

treated with sodium silicate. 

 

 

2.1.5.2.4 Treatment of Gypseous Soils by Oil Products  

 Seleam (1988) carried out tests on sandy gypseous soil from Habanya 

area with three gypsum contents (25%, 60% and 85%).  Two oil products 

(Kerosene and Gas Oil) were used to investigate their effect on the properties of 

gypseous soil.  The author showed that the contamination of Kerosene or Gas 

Oil in the gypseous soil decreased its compressibility and permeability due to 

delaying the removal of gypsum. The author concluded that the effect of Oil 

Products was eliminated when the treated soil was leached continuously with 

water. 

Al-Qaissy (1997) investigated the addition of Automobile Oil as a method 

of improvement of gypseous soil by the reduction of the collapse settlement 

upon soaking.  The soil used contain 44% gypsum, was brought from Baiji.  The 

author carried out series of triaxial and permeability tests to evaluate the 

parameters needed for the theoretical study.  The author used the finite element 

analyses to show the efficiency of this method.  The author showed that there 

was a reduction of 60% of cohesion of the gypseous soil with the addition of 4% 
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of Automobile Oil. The angle of internal friction was not effected when low 

percentages of Automobile Oil was added. 

Shubber (1999) studied the effect of mixing two bituminous materials on 

the properties of gypsiferous sandy soil, S-125 and RC-250.  The author showed 

that the use of S-125 cutback bitumen for stabilizing gypseous soil gives better 

engineering characteristics than that obtained by the use of RC-250 cutback 

bitumen, as shown in figure (2-7). 

 

Figure (2-7): The coefficient of permeability Verses time of gypseous soil mixed with RC-

250 (After Shubber 1999). 

 

Al-Musawy (2001) developed an apparatus for grouting purposes.  The 

author also investigated the effect of Asphalt Emulsion content on the 

characteristics of gypseous soils.  The author showed that the unconfined 

compressive strength of injected gypseous soil with Asphalt Emulsion increases 

with increasing Emulsion content to a certain value, then decreases slightly, 

while the total volumetric strain decreases then increases slightly.  The author 

showed that the collapse potential decreases with increasing emulsion content.  

He observed that the bearing capacity of treated soil increased from (4-5) times 

that for untreated soils. 
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Al-Aqaby (2001) investigated the effect of Kerosene on the geotechnical 

properties of gypseous soil.  The soil used, with different gypsum content 37%, 

58%, and 65%.  The author showed that the cohesion of uncontaminated 

samples decreased upon soaking the soil in both water and kerosene while the 

angle of internal friction was relatively unchanged upon soaking in water and 

decreased upon soaking in kerosene.  The author investigated the compacted 

contaminated samples with five different percentages of kerosene unsoaked in 

water.  He observed that the cohesion parameter decreases as kerosene content 

increases, whereas there is a slight reduction in the angle of internal friction. The 

author showed that the maximum shear stress decreases with the increase in 

kerosene content at all normal stresses used.  

Al-Alawee (2001) performed a work aim to minimize the effect of water 

on the behavior of gypseous soil by the use of asphalt emulsion.  The gypsum 

content was 72%.  He carried laboratory work using a model and direct shear 

tests.  The author showed that the best strength gained when the width of the 

treated layer was equal to three times of the footing width and the thickness of 

the treated layer was equal to the width of footing.  The author concluded that 

the effective mixing percent of the asphalt emulsion was 6%. 

Aziz (2001) investigated the suitability of using fuel oil to improve lightly 

percent gypseous soil from Al-Tharthar project (51% gypsum).  The author 

showed some of improvement when mixing the gypseous soil with the fuel oil 

specially decreasing the collapsibility and decreasing the permeability.  The 

author showed that the disadvantage of this method of improvement was the 

reduction of the shear strength of gypseous soil when high percentages of oil 

were used. 

Al-Murshidy (2001) carried out a number of model tests and Triaxial UU 

tests to investigate the suitability of using cutback liquid asphalt (MC-30), as a 

method to improve the behavior of gypseous soil in Al-Tharthar (70% gypsum) 

and Al-Falloja (35% gypsum).  The author used the mixing and spraying 



55 

 

technique for improvement.  Both methods had the same effect in reducing the 

collapse settlement to 50%. The author showed that the effective mixing percent 

of the improving material which provide sufficient increase in both cohesion and 

angle of internal friction was 7%. 

Al-Janaby (2002) used both the Fuel Oil and reed sticks reinforcement to 

minimize the collapse settlement that occurred due to the presence of water.  

The author carried his tests using Tikrit soil with 47% gypsum content.  Triaxial 

and finite element analysis were used to evaluate the efficiency of this method 

of improvement.  The author concluded that 5% of the Fuel Oil was the 

optimum percent that provided good durable and higher strength material in wet 

condition.  The author also observed that the addition of 1.5% randomly discrete 

reed sticks /Fuel Oil blend, was effective and increasing the strength and 

reducing the collapsibility of gypseous soil. 

2.1.5.2.5 Treatment by Dehydrate Calcium Chloride: 

Al-Busoda (1999) studied the behavior of gypseous soil taken from Tikrit City 

and its treatment during loading.  The soil was poorly graded sand with little 

fines of 5-12%, with high gypsum content of 43.8%. 

 

Figure (2-8): leaching strain versus log.time plot of treated and untreated soil at 100kPa 

stress (After Al-Busoda 1999). 
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  The soil was treated with Dehydrate Calcium Chloride in two percentages 

(2.5% and 5.0%).  The author observed that the properties of the treated soil 

were highly improved when the additive content was 2.5%. As shown in figures 

(2-8). 

 

2.1.5.2.6 Treatment of Gypseous Soil by Cement 

Al-Hadithy (2001) investigated the effect of cement addition to improve 

the mechanical behavior of gypseous soil using different percentages of cement 

3.5%, 7% and 10%.  The author used gypseous soils brought from three 

different positions in Iraq with (18%, 29% and 29% gypsum content).  The 

author showed that there was a considerable reduction of the compression index 

Cc by about 50% after the addition of 3% cement and curing for 7 days.  The 

author carried out his tests using one dimensional consolidation test.  The author 

showed that the improvement of the gypseous soil was denoted by, the increase 

of the modulus of elasticity with the addition of cement due to the increase in 

the stiffness of the soil. 

Table (2-5) represents summary of treatment methods of gypseous soils 
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Table (2-5): summery of Physical and chemical treatments of gypseous soil. 

Researchers  

Name 

Treatment 

type 
Treatment used Improvement Results 

Riani and 

Barbosa(1989) 

PP P
hh h

yy y s
s s ii i

cc c a
a a
ll l    

TT T
rr r e
e e a
a a
tt t mm m

ee e n
n n
tt t    Compaction 

C.P reduced from 10% to 2% after 16 passes by the 

compaction equipment. 

Ferreira and   

Texeira (1989) 
Compaction 

Collapse can be neglected at 

W=8%, S>28%, dry density=19kN/m
3
 

Petrukhin and 

Mikheev(1983) 
Compaction 

Roasting of soil at 800-1000
o
C for 6 hours, and then 

soil was compacted. 

Al-Khafaji (1997) Compaction 
Max.dry density=2.57-0.007(L.L+2P.L) 

o.m.c=6+0.07(L.L+2P.L) 

Al-Barazangi (2003) Compaction The traditional stone columns was the effective one 

Al-Obaidy 

(1992) 

CC C
HH H

EE E
MM M

II I CC C
AA A

LL L
   TT T

RR R
EE E

AA A
TT T

MM M
EE E

NN N
TT T
   

Lime 3% of lime makes the gypseous soil non-plastic 

Al-Abdullah et 

al(2000) 
Bentonite 

Mixing the soil with 2.5% of bentonite was the effective 

one. 

Seleam (1988) Kerosene and Gas oil 
 Addition of oil products reduces the compressibility and 

permeability. 

Al-Qaissy 

 (1997) 
Automobile oil 

It reduces the collapse settlement, but the addition of 

4% will reduce the cohesion. Angle of internal friction 

was unchanged. 

Shubber (1999) 
S-125 and RC-250 

bituminous material 
S-125 more effective than RC-250. 

Al-Musawy 

(2001) 

Asphalt emulsion 

injection 
Bearing capacity increases (4-5) times. 

Al-Alawee 

 (2001) 

Asphalt 

Emulsion 
Effective mixing of Asphalt is 6%. 

Al-Murshidy 

 (2001) 

Cutback liquid asphalt 

(MC-30) 
 Effective mixing percent is 7%. 

Al-Janabi 

 (2001) 

Fuel oil and reed 

sticks reinforcement 

The addition of 1.5% of randomly discrete reed/fuel oil 

blend is the effective one. 

Al-Busoda 

 (1999) 

2.5% and 5% 

Dehydrate  

calcium chloride 

2.5 additive content improves the properties of gypseous 

soil. 

Al-Hadithy 

 (2001) 

3.5%, 7% and 10% 

cement 

A considerable reduction in Cc of 50% when the 

addition of 3.5% cement and 7 days curing. 
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Chapter Three 

Earth Reinforcement  

 

3.1 History Background: 

Earth reinforcement is the eldest technique used to improve the soil.  The 

earliest remaining example of soil reinforcement is the Ziggurrat of the ancient 

city of Dur-Kurigatzu, now known as Agar-Quf, Colin 1985.  The Agar-Quf 

Ziggurrat, which stands five kilometers north of Baghdad, was constructed of 

clay bricks varying in the thickness between 130-400 mm, reinforced with 

woven mats of reed laid horizontally on a layer of sand and gravel at vertical 

spacing varying between 0.5 and 2.0 m.  The Agar-Quf structure is now 45 m 

tall, originally it is believed to have been over 80 m high, it is thought to be over 

3000 years old, Al-Ashu, 1981. 

Other Zaggurrats are known to have been built, among that being the 

structure at Ur which was completed circa 2025 B.C and the sanctuary of 

Marduk at Babylon, some times known as the tower of Babel, which was 

completed circa 550 B.C.  The most use for reinforced soil structures appears to 

have been in the control of rivers through training works and dykes.  Early 

examples of dyke system using reed reinforcement and clay fill are known to 

have existed along the Tigris and Euphrates. 

 

3.2 Uses of Reinforced Earth 
The reinforced earth concept is now used in various engineering projects 

such as embankments, foundation slabs, dams, containment dikes, slide 

buttresses and bridge abutments and sloping-faced retaining structures, Al-

Jebouri 1986.  This section forms a catalogue of some of the applications areas 

for the use of earth reinforcement and illustrates where soil structures of various 

forms have been found to provide economic and technical benefits.  Each case is 
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an illustration of the concept of earth reinforcement but should not be taken as 

being the only effective or rational solution to any problem.  Applications and 

techniques may often be combined and the introduction of new construction 

materials enable other applications to be considered.  The variety and range of 

the areas of application for these techniques is unlimited.  Some of these 

techniques are shown in Table (3-1). 

 
Table (3-1): Uses of reinforced earth (After Al-Jebouri 1986) 

Application Use Materials Comment 

Bridgeworks 
Bridge 

abutment 

3-1  

Reinforced or pre-

stressed concrete 

facing, strip or grid 

reinforcement, 

frictional or cohesive 

frictional fill. 

Economical; may be used 

on poor subsoil; speed of 

erection high; able to 

accommodate compressive 

ground strains, 

conventional articulation 

of the bridge 

Dams  
Reinforced 

earth dam 

3-2 

Reinforced concrete 

facing, metal strip 

reinforcement and 

selected frictional fill 

Special preparations are 

required with dam 

structures. 

Embankme

nts 

Reinforced 

embankment 

3-3 

Geotextile or geogrid 

reinforcement and 

indigenous fill 

Reinforcing embankments 

may be undertaken for a 

variety of conditions, 

including steepening the 

side slopes, to permit the 

use of marginal fill, or to 

strengthen embankments 

foundations 

Geogrid web 

or column 

foundations for 

embankments 

on weak 

subsoil 

3-4 

Geogrid reinforcement 
Reinforcement webs and 

columns installed insitue 

Reinforced 

footing 

beneath 

structures 

3-5 

Strip or grid 

reinforcement and 

frictional fill or 

cohesive frictional fill 

Reinforcement used to 

ensure stability and reduce 

settlement. 

highways 

Reinforced 

embankments 

supporting 

carriage ways 

3-6 

Reinforced concrete 

or steel facing, with 

strip or grid 

reinforcement and 

frictional or cohesive 

frictional fill 

Earth reinforcement 

permits design idealization 

not possible with other 

forms of construction 
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3.3 Materials 

3.3.1 General 
There are three basic materials composites required in the construction of 

any reinforced soil structure.  They are: 

1- Soil or fill materials. 

2- Reinforcement or anchor system. 

3- Facing if necessary. 

 

In addition, other materials are required to cover associated elements such 

as foundations, drainage connecting elements and capping unit.  There is usually 

an inter-relationship between the various materials used, the choice being based 

upon design considerations relating to theoretical need, material availability, 

material properties, relative coast and delivery restrictions. 

 

3.3.2 Soil/fill 

The shear properties of soil can be improved as theoretically any soil 

could be used to form an earth reinforced structure.  For practical purposes, only 

a limited range of soils are likely to be used, particularly in vertically faced 

reinforced soil structures, although marginal material may be used in 

embankments.  The choice of which soil or fill material is used will depend 

upon the technical requirements of the structure in question and also upon the 

basic economics associated with the scheme.  In general, indigenous or waste 

material would be the most economic choice although these soils are likely to 

have inferior properties. 

The soil used in long term conventional structures is usually a well-graded 

cohesionless fill (granular material) or alternatively, a good cohesive frictional 

fill, although purely cohesive soils have been used with success.  The 

advantages of cohesionless fills are that they are stable, free draining, not 

susceptible to frost, and relatively non-corrosive to reinforcing elements.  The 

main disadvantage is that it would usually be imported material and might 

therefore be costly.  With the cohesive soils the main advantage is the 

availability, but there may be long-term durability problems together with 
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distortion of the structure.  The limitations to the fill material used are 

essentially those imposed by the design codes or specifications and relate 

principally to considerations of long-term stability and durability. 

Cohesive frictional fill can be a convenient compromise between the 

technical benefits of cohesionless soil and the economic advantages of cohesive 

fill. 

 

3.3.2.1 Cohesionless Fill 

Cohesionless fill (frictional fill, granular backfill) is defined as good 

quality, well graded non-cohesive material usually possessing a good angle of 

internal friction.  Examples include crushed rock, river sand or gravel.  In 

addition, `frictional fill` is in the UK defined (BE 3/78) as a material in which no 

more than 10% passes a 63 µm B.S. sieve, and `granular backfill`, the term used 

in France when constructing earth reinforced structures, refers to fill in which no 

more than 15% (by weight) is smaller than 15 µm.  This criterion is chosen as 

representing the point where intergranular contact of the material skeleton 

breaks down causing loss of internal friction, Colin 1985. 

 

Material properties 

Knowledge of the following material properties is requires for the 

selection of cohesionless fill; density, grading, uniformity coefficient,Cu, pH 

value, chloride ion content, total SO3content, resistivity, redox potential (Er), 

angle of internal friction under effective stress conditions, coefficient of friction 

between the fill and the reinforcing element. 

 

Density: Reinforced soil structures are gravity structures, the density of the 

parent material has a direct effect upon internal and external stability. 

 

Grading: The grading limitations for frictional fill may be taken as shown in 

Table (3-2). 
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Table (3-2):gradation of fill materials, after Colin 1985. 

Sieve size % passing 

125 100 

90 85-101 

10 25-100 

600µm 10-65 

63µm 0-10 

2µm 0-10 

 

Angle of internal friction: In the United Kingdom the effective angle of internal 

friction Ø`>25
o
. 

Uniformity coefficient: The uniformity coefficient Cu, is the ratio of the 

maximum size of 60 per cent of the sample to the effective size.  The effective 

size is the maximum particle size of the smallest 10 per cent of the sample. 

 Cu=D passing 60% / D passing 10% 

where: D is particle diameter. 

Coefficient of uniformity for cohesionless soil, Cu>5. (in United Kindom using 

cohesive frictional fill.) 

PH value, Cloride Ion, SO3content, Resistivity and Redox Potential:  These 

soil/fill properties are associated with the durability of the reinforcing materials 

used.  Some reinforcing materials are more durable than others and acceptable 

limitations are shown in Table (3-3). 
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Table (3-3): acceptable limitations for some reinforcement materials, After Colin 1985 

Reinforcing 

material 

pH value 

 
Maximum 

chloride ion 

content % 

Maximum 

total SO3 

Minimum 

resistively 

(ohm-cm) 

Minimum redox potential 

(volts) 

Min max 
Frictional 

fill 

Cohesive 

frictional fill 

Aluminu

m Alloy 
6 8 0.05 0.5 3000 0.4 0.43 

Copper 5 9 0.05 0.5 2000 0.25 0.25 

Hot-dip 

Galvanize

d Steel 

6 9 0.05 0.5 5000 0.4 0.43 

Stainless 

Steel 
5 10 0.05 0.5 3000 0.3 0.35 

Fibretain 

(FRP) 
4 9 2.0 1.0 1000 

Not 

applicabl

e 

Not 

applicable 

Paraweb 

(polyethyl

ene) 

- - - - - 

Not 

applicabl

e 

Not 

applicable 

Tensar 

(geogrid) 
- - - - - 

not 

applicabl

e 

not 

applicable 

 

Design criteria: Because of contractual arrangements the designer may not 

know what material will be used during construction.  The following design 

properties can be assumed for a normal frictional fill: 

 In UK  Ø`=30
o
, γ=19 kN/m

3
 

 

3.3.3 Reinforcement 

A variety of materials can be used as reinforcing materials.  Those that 

have been used successfully include Steel, Concrete, Glass, Fiber, Wood, 

Rubber, Aluminum and Thermoplastics. Reinforcement may take the form of 

Strips, Grids, Anchors and Sheet material, Chain's planks, Rope, Vegetation and 

Combinations of these or other material forms. 
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3.3.3.1 Types of reinforcing materials 

 

Strips: These are flexible linear elements normally having their breadth, b 

greater than their thickness, t.  Dimensions vary with application and structure, 

but are usually within the range t=3-5 mm, b=5-100 mm.  The form of stainless, 

galvanized or coated steel strips being either plain or having several protrusions 

such as ribs or gloves to increase the friction between the reinforcement and the 

fill. 

Planks: Similar to strips except that their form of construction makes them stiff.  

Planks can be formed from timber, reinforced concrete or prestressed concrete.  

The dimensions of concrete planks vary; however, reinforcements with a 

thickness, t=100 mm and breadth, b=200-300 mm have been used.  They have to 

be handled with care as they can be susceptible to cracking. 

Grids and Geogrids: Reinforcing elements formed from transverse and 

longitudinal members, in which the transverse members run parallel to the face 

or free ends of the structure and behave as abutments or anchors.  The main 

purpose is to retain the transverse members in position.  Since the transverse 

members act as abutment or anchor they need to be stiff relative to their length.  

The longitudinal members may be flexible having a high modulus of elasticity 

not susceptible to creep.  The pitch of the longitudinal members, pL is 

determined by their load-carrying capacity and the stiffness of the transverse 

element.  The pitch of the transverse elements depends upon the internal 

stability of the structure under consideration.  A surplus of longitudinal and 

transverse elements is of no consequence provided the soil or can interlock with 

the grid. 

Grids can be formed from steel in the form of plain or galvanized 

weldmesh, or from expanded metal.  Grids formed from Polymers are known as 
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`Geogrids` and are normally in the form of an expanded proprietary plastic 

product. 

Sheet reinforcement: May be formed from metal such as Galvanized Steel 

Sheet, flexible (textile) or expanded metal not meeting the criteria for a grid. 

Anchors: Flexible linear elements having one or more pronounced protrusions 

which act as abutments or anchors in the fill or soil.  They may be formed from 

Steel, Rope, Plastic (textile) or combinations of materials such as Webbing and 

Tires, Steel and Tiers, or steel and concrete. 

Composite reinforcement: reinforcement can be in the form of combination of 

materials and material forms such as sheets and strips grids and strips, or strips 

and anchors, depending on the requirements. 

 

Properties 

The principal requirements of reinforcing materials are strength and 

stability (low tendency to creep), durability, ease of handling, a high coefficient 

of friction and/or adherence with the soil, together with low coast and ready 

availability. 

Coefficient of friction: The coefficient of friction or adherence between the 

reinforcement and the soil can be obtained from shear box tests.  For frictional 

fill an assumed value of the coefficient of friction, µ for strips, grids or sheets 

can be obtained from: 

  µ=ά tan ø 

The values of ά for some strip reinforcements complying with UK design 

memoranda, are shown in Table (3-4). 
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Table (3-4): values of ά for different types of reinforcing materials 

Material 

Maximum 

thickness to 

which 

stresses 

apply (mm) 

Basic permissible stresses 

Coefficient 

ά Axial 

tension 

(N/mm
2
) 

Shear  

(N/mm
2
) 

Bearing 

(N/mm
2
) 

Aluminum alloy 6 120 72 180 0.46 

Copper  10 108 65 163 0.46 

Carbon Steel 10 120 72 200 0.5 

Stainless Steel 10 126 75 210 0.46 

 

For cohesive frictional fill and cohesive fill a shear box test may be used 

to ascertain the friction and adhesion between the reinforcement and the soil.  

Examples of values obtained for various strip reinforcing materials are shown in 

Table (3-5). 

Table (3-5): values of the coefficient of friction between fill and reinforcement for different 

types of fill 

Type of fill 

Type of 

reinfor-

cement 

Angle of 

friction 

without 

reinforce

ment 

Galvani-

zed mild 

steel 

Coefficient of friction between fill and 

reinforcement (µ) 

Glass-

fiber 

reinfo-

rcede 

plastic 

Alumini-

um 

coated 

mild steel 

Plastic 

coated 

mild steel 

Polyester 

filament 

in 

polyethyle

ne 
Effective 

stress range 

 0-40 kPa 

LL42 PL21 

37 0.38 0.40 
0.53 to 

0.64 

0.51 to 

0.58 
0.36 0.42 

Effective 

stress range 

0-100 kPa 

LL30 

Pl 17 

37 0.36 0.39 
0.53 to 

0.64 

0.51 to 

0.58 
0.37 0.40 

 

The particular properties of some reinforcing materials are illustrated in 

Table (3-6). 
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Table (3-6): comparison of different materials for linear strip reinforcing elements, after 

Colin 1985. 

Material  

Tensile 

strengt-

h 

N/mm
2
 

Yield 

or 0.2% 

proof 

stress 

N/mm
2
 

Specifi

c 

gravity 

Young 

Modulus 

Permi-

ssible 

tensile 

stress 

N/mm
2
 

% 

extension 

at worki-

ng load 

Relative 

weight 

per unit 

force 

Aliminium Alloy 270 200 2.68 70 120 0.17 27 

Galvanized 

Mild Steel  
245 180 8.93 125 110 0.09 97 

Stainless 

Steel 
340 200 7.85 200 120 0.06 100 

Glass-reinforced 

plastic 
354 - - 40 80 0.20 37 

Polymer 

Fiber strips 
10-100 - - - - 1.80 19 

Aluminium 

alloy 
400 285 2.68 70 170 0.24 19 

Galvanized  

High-yield 

Steel 

540 350 7.85 200 190 0.10 69 

Hard-rolled steel 1150 800 7.96 200 440 0.22 24 

 

3.4 Reinforced Earth Principle 

 Reinforced soil is somewhat analogous to reinforced concrete in which 

the reinforcement is bonded to the soil in the case of reinforced soil, or to the 

concrete in the case of reinforced concrete.  However, direct comparison 

between the two situations is not completely valid; whereas with reinforced 

concrete the reinforcement is designed to carry the tensile forces in the structural 

element, in the case of reinforced soil, particularly with non-cohesive soils, it is 

likely that a completely compressive stress field will exist.  The mode of action 

of reinforcement in soil is, therefore, not one of carrying developed tensile 

stresses but of the anisotropy reduction or suppression of one normal strain rate.  

Vidal 1963 described this suppressive mechanism. it is expressed 

diagrammatically in figure (3-7), which shows individual soil particles tied 

together, producing a form of pseudo-cohesion. 
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Consider a semi-infinite mass of cohesionless soil at depth h.  The vertical 

stress was:                     

 and at-rest lateral stress. 

 

If the soil expands laterally the lateral stress (Koζv) reduces to the limiting 

value (Kaζv) where: see figure (3-8) 

hv  

hKoh  

sin1KoWhere

 245tan
sin1

sin1 2


















Ka

Figure (3-7): Mechanism of reinforced earth (After Vidal 1963) 

Figure (3-8): The active and at rest state of stress 
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The action and relevance of reinforcement in soil can be illustrated by 

considering an element of the cohesionless soil, figure (3-9).  If a vertical load is 

applied to the soil, the element will strain laterally, δh as well as compress 

axially δv.  If reinforcement is added to the soil element in the form of horizontal 

layers, provided there is adhesion or interaction between the reinforcement with 

soil, and that the reinforcement is stiff, the soil will be restrained as if acted 

upon by a lateral force equivalent to the at-rest pressure (Koζv), i.e. the effect of 

the reinforcement is to restrict anisotropically one normal strain έθ. 

 

This is a general condition, valid for any value of vertical stress ζv, and it 

can be seen that as ζv increases so the lateral stress also increases.  Referring to 

figure (3-8), it can be seen that the stress circle for the reinforced condition 

always lies below the rupture curve.  Failure can occur only if the reinforcement 

ruptures or if the adhesion between the reinforcement and the soil fails. 

The force transferred from the unit of soil into the reinforcement is 

equivalent to the lateral stress =Koζv 

Hence the tensile stress in any unit of reinforcement: 

ar

vKo


Figure (3-9): State of stress for reinforced and unreinforced soil layer (After Vidal 1963) 
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 where:   ar is the cross sectional area of the reinforcement. 

 So, the strain in the reinforcement, 

where:  Er is the elastic modulus of the reinforcement and the lateral strain of the 

soil εr in the direction of the reinforcement. 

If the effective stiffness (arEr) of the reinforcement and if it is high, then 

εr→0 and the argument relating to figure (3-9).  As the effective stiffness 

decreases, εr increases, and the earth pressure coefficients Ko  converted to   Ka. 

 

3.5 Durability  
In keeping with all structures , durability of reinforced soil is a prime 

requirement in order that the structure may properly fulfil its designed rule.  

Depending upon the role required of the structure, durability becomes more or 

less important.  For reinforced soil structures, other than those of a temporary 

nature, resistance to corrosion acquires a greater significance than in more 

conventional constructions.  This is because the basic form of these structures 

involves the integration of reinforcing media or elements within the soil.  Soil 

dose not produce the best environment for many materials, and if construction of 

an earth reinforced structure is undertaken without proper consideration of the 

environmental hazards, rapid deterioration of parts can occur. 

It is possible to identify three categories of structure, based upon design 

life, and relative importance of durability and the rate of corrosion of the 

materials forming the structure as shown in Table (3-7). 

 

 

Erar

vKo
r


 

arEr

vKo
rr
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Table (3-7): The durability and rate of corrosion based upon importance and design life for 

buildings, After Colin 1985. 

Design life and the importance of Durability and rate of corrosion 

Permanent structures: 
66-066 years US 

026 year UK 

Major consideration ( except those 

embankment structures in which 

reinforcement is required to 

provide short-time stability only) 

Short life structures: 
0-26 years 

Minor consideration 

Temporary structures: 
0-066 week 

No problem 

 

3.5.1 Corrosion 
All common engineering materials and metals degenerate, reverting back 

to similar ores and compound from which they were extracted.  The rate of 

corrosion is determined by material composition, the geometry of the object, its 

relationship to the environment and most importantly, the nature of the 

surrounding soil.  In the case of reinforced soil structures, failure of the 

connections between the facing and the reinforcement, or a banded attack across 

the reinforcing element, are the form of corrosion, which cause the most risk. 

 

Electrochemical Corrosion 

Corrosion is an electrochemical process and refers to metals only, i.e. 

plastics and glass do not corrode.  For corrosion to occur there must be a 

potential difference between two points that are electrically connected in the 

presence of an electrolyte.  This potential difference may be caused by a 

difference of salt and oxygen concentration in the soil.  The microcouple so 

produced behaves like a short cell traveled by an electric current that leads to 

corrosion. 

 

Bacterial Corrosion 

Metal corrosion can be reduced by providing a neutral or alkaline 

environment free of oxygen.  However, this environment favors the growth of 
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sulphate-reducing bacteria.  These bacteria are anaerobic, i.e. they can thrive in 

the absence of atmospheric oxygen, and grow by obtaining oxygen from 

sulphate ions, reducing them into sulphide ions in the process. 

Physical Damage 

The durability of a structure is not only affected by electrochemical 

corrosion or biological corrosion, but also by physical damage or wear.  In 

particular, some materials used to construct earth reinforced structures are 

susceptible to physical damage due to rough handling.  For example, glass fiber 

reinforcement can be damaged by tracked vehicles, as can the protective 

coatings of metal reinforcement. 

Material Compatibility 

All metallic components used in earth reinforced structures, i.e. 

reinforcing elements, connections and metal facings, should be electrolytically 

compatible.  Where this is not possible, effective electrical insulation must be 

provided. 

 

Miscellaneous Factors 

 Other soil constituents can affect soil corrosiveness.  The more important 

ones, which have been identified as having a deleterious effect and which can 

cause serious corrosion, are cinders, carbon particles, coke and coal.  

Alternatively, chalk and limestone fill may leach out and form deposits on the 

reinforcement which effectively reduces corrosion. 
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3.5.2 Construction factors influencing the corrosion of 

reinforcement and facing 

The major construction factors influencing the corrosion of the 

reinforcing elements in an earth reinforced structure are, the type and nature of 

fill used and the construction process, particularly with respect to the 

compaction achieved.  In the case of a reticulated or anchored structure, the 

construction process has little influence; however the in situ soil can be critical. 

The type of soil used as fill in earth reinforced structures varies from one 

application to another.  Different soils are more aggressive than others.  Table 

(3-8) provides a general ranking of the soil which illustrates its aggressiveness, 

while Table (3-9) is an assessment of soil aggressiveness towards metals in 

particular-arranged in a form suitable for the designer of soil structures. 

Table (3-8): Estimation of soil aggressiveness, after Colin 1985. 

parameters ranking parameter ranking 

Kind of soil: 
Chalk, chalk 

mari, sand mari or 

sand  
Loam, loam mari, 

loamy sand or 

clayey sand 

Clay, clay mari or 

humus 

Peat, mud or bog 

soil 

 

2 

 

6 

 

 

2 

 

4 

Total alkalinity 

(mval/kg to pH 

4.8): 

Above 1000 

211 to 1000 

below 200 

 

 

 

2 

0 

6 

Soil conditions: 
Water present at 

structure level 

Disturbed soil 

Dissimilar soil 

around structure 

Water not present 

Undisturbed soil 

Homogeneous 

soil around 

structure 

0 

2 

3 

 

6 

6 

6 

Hydrogen 

sulphite/sulphate-

reducing bacteria: 

Not present  
Trace (below 5 

ppm sulphide 

Present (above 5 

ppm sulphide) 

 

 

 

6 

2 

 

4 

Soil resistivity 

(ohm-cm) 
 

 

Coal, coke or 

cinders: 
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Above 10000 

5111 to 10000 

2311 to 5000 

1111 to 2300 

below 1000 

6 

0 

2 

3 

4 

Present 

Not present 
4 

6 

Water content: 
Above 20% 

Below 20% 

 

0 

6 

Chloride (ppm:) 
Above 100 

Below 100 

 

0 

6 

pH value: 
above 6 

below 6 

 

6 

0 

Sulphate (ppm:) 
Above 1000 

511 to 1000 

211 to 500 

below 200 

 

3 

2 

0 

6 

Total acidity 

(mval/kg) 
Below 2.5 

2.5 to 5.0 

above 5.0 

 

6 

0 

2 

Sum of rank numbers 

Negative     practically non-aggressive 

 6to 4           weakly aggressive 

 5to 10         aggressive 

above 10      strongly aggressive 

 

Table (3-9): assessment of soil aggressiveness towards buried metals, after Colin 

1985. 

Classificatio

n/soil 

property 

aggressive 

Selected 

aggressive 

soil (average 

values) 

Non-

aggressive 

Selected 

non-

aggressive 

soil (average 

values) 
Resistivity 

(ohm-cm)  <2111  1156  >2111  31411 

Normal 

hydrogen 

electrode 

(volts) 
 <1.43 if clay 1.263  >1.43  1.52 

Borderline 

cases resolved 

by moisture 

content (per 

cent) 

 >21  28.5  <21  12.1 

 

3.6 Coast and economics 

The primary advantage gained from the use of reinforced soil may be the 

improved idealization which the concept permits; thus structural forms which 

normally would have been difficult or impossible become feasible and 
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economic.  An example of the economic benefits which are possible is 

illustrated in figure (3-10), where the total coast of the solution involving the use 

of earth reinforcement techniques could be half of the conventional solution 

illustrated, which requires the use of piled foundations. 

 

Reinforced soil structures will not always prove economic when 

compared with other structural forms, but in many conventional situations where 

circumstances are favorable, economies may be obtained. 

 
     Economy = (Conventional cost-Reinforced soil cost)/Reinforced soil coast * 100 

 

In accordance with market forces the total coast of soil structures will 

reflect an element of `what the market will bear`.  With increased competition, 

cost may be reduced. 

 

 

3.6.1 Total coast 

The total cost of a reinforced soil structure is made up of the following 

cost elements: 

Soil fill, CS 

Reinforcing connection elements, CR 
Facing elements (if required), CF 

Labour for transport and construction, CL 

Transport of materials, CT 

Construction (including all ancillary items such as drainage, copings and 

fencings), CC 

Material testing, CMT 

Profile, P 

 

Thus, total coast, TC=(CS + CR+ CF+ CL+ CT+ CC+ CMT+ P) 

 

For contractual purposes equation + may be reduced to the first three 

elements, but with the labor transportation and the ancillary coast included: 

TC=(C`S+C`R+C`F) 
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where  
C`S  represents the coast of the soil fill, including  transport, placing, 

compaction and material testing. 
C`R  represents the coast of the reinforcement, including transport and 

fixing. 

C`F  represents the coast of the facing, including transport and erection. 
 

The elements included in equation + are interrelated and the minimum 

total cost of a structure may be produced by a combination of the most 

compatible elements in any particular situation. 

 

3.7 Factors Effecting Reinforced Earth Behavior 

3.7.1 Type of Reinforcement 

The reinforcement materials must have high tensile frictional properties, 

high durability and low coast.  They must also be able to withstand any 

deformation that takes place during compaction.  Reinforcing members can take 

the form of sheets, grids, meshes, strips, tubes, cables, bars, rods or chains, 

Colin 1978. 

 Yang (1972) performed bearing capacity and settlement tests on circular 

footings of 150 mm and 200 mm diameter placed on sand reinforced with of 

fiber glass netting with different diameters.  He concluded that the larger 

diameter of reinforcing net lead to greater reduction in settlement.  The author 

measured the vertical and radial stresses in the reinforcemed sand foundation.  

He found that the radial stresses along the vertical axis in reinforced foundation 

is about 100% more than these in unreinforced foundation.  On the other hand, 

the vertical stress has decreased under the reinforced foundation.  The author 

showed that there was  no direct relationship between the tensile strength of the 

reinforcement and the ultimate bearing capacity of the soil. 

Raymond (1973) carried series of tests using a large direct shear device, 

which  was developed at the California Transportation Laboratory to investigate 
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the pull out resistance of reinforcing soil in a large-scale tests.  Four types of 

reinforcement were used, rebar mat, individual flat steel straps, longitudinal 

reinforcing bars and solid plate for the maximum soil steel area configaration.  

The results clearly indicated that a mat arrangement; i.e., transverse as well as 

longitudinal reinforcing elements increased pull out resistance to an extent far 

excess of that which would have been indicated by the increase in the steel area. 

The California Transportation Laboratory, studied the problem of the 

disposal of (Old Tires), because of their non-biodegradable nature and 

intrinsically high tensile strength.  Consideration was given to the possibility of 

their use for earthwork reinforcement and retaining wall, as shown in figure (3-

11).  Based upon dynamic analysis of a hypothetical tire mat reinforced bridge 

approach using a finite element program.  The inclusion of tire side-wall 

reinforcing mats could increase dynamic stability for earthquake resistance as 

much as (30%).  He also observed that, the inclusion of (Tire Mats) would 

provide additional internal stability for slopes. 

 

 

 

Figure (3-11): Retaining wall reinforced with old tires 

(After Raymond 1973) 
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Milovic (1977) performed model and field test on the bearing capacity of 

reinforced soil. model tests were applied on Ottawa sand reinforced with steel 

bars of (6 mm) and (12 mm diameter).  While in the case of field test, The layers 

of silty sand were reinforced with polypropylene cords of (15 mm) in diameter.  

He observed that the type of reinforcement has significant effect on the bearing 

capacity and settlement reduction.  

Charles and Mitchell (1978) performed set of experimental work on 

circular footing placed on paper grid cells reinforcement, filled with sand.  The 

tests were performed in a square box of 910 mm side length.  The sand was 

placed at a maximum density 17.1 kN/m
3
, by means of vibrating table.  They 

used a special spring base arrangement to simulate uniform sub-grade condition.  

The authors concluded that the paper grid cell has increased the bearing capacity 

of dry sand under both static and repeated loads. 

Milovic (1979) used different types of reinforcing materials 

(Polypropylene, Steel bars and Sandwiched layer of gravel) to improve the 

bearing capacity of sand. The author showed that the best improvement was 

obtained by using the steel reinforcement. 

Milligan (1982) carried series of laboratory tests on silty sand soil using 

four types of reinforcements (thick polythene sheets, mesh of low tensile 

stiffness, thin polythene sheet and mesh of high tensile stiffness).  He concluded 

that the polythene sheets reinforcement was less effective than the mesh of 

similar stiffness.  The author attributed this to the slippage of fill particles at the 

interface with sheet reinforcement. 

Al-Jebouri (1986) investigated the bearing capacity of reinforced sand. 

The study covered the use of several kinds of reinforcing materials.  Some of 

them are available in Iraq.  These reinforcement materials are (Mat of Reed, 

Reed reinforcement, Fine Wire Mesh, Nylon Grid, Polystrol Smooth Aluminum 

and Dipped Aluminum).  The author showed that the fine mesh reinforcement 

was the most efficient type for improving the bearing capacity accompanied 
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with a considerable reduction in the settlement.  In spite of that the tensile 

strength of fine wire mesh was not the highest value compared with the other 

materials used.  The author concluded that the (Reed) plant shows the lowest 

degree of improvement, in spite of that the use of this material increased the 

bearing capacity (1.5) times.  He found that the bearing capacity using (Mat of 

Reed) was higher than that using Reed Plant, as shown in Table (3-10). 

 

 

Table (3-10): Ultimate bearing capacity for different types of reinforcements (After Al-

Jebouri 1986) 

Material 

type 

Tensile 

strength 

N/mm
2
 

Soil- 

Reinforce

ment 

friction 

angle 

Ultimate bearing 

capacity, kN/m
2
 

Bearing capacity ratio 

(BCR) 

Square 

footing 

Rectangular 

footing 

Square 

footing 

Rectangular 

footing 

Smooth 

aluminium 
206 29

o
 318 880 2.94 5.02 

Dipped 

aluminium 
118 34

o
 324 892 3.00 5.09 

Fine wire 

mesh 
39 36

o
 343 903 3.18 5.16 

Nylon grid 0.85 38
o
 228 480 2.11 2.74 

Polystrol 20 35
o
 232 521 2.14 2.42 

Reed plant 17 33
o
 152 424 1.41  

 

Milligan et al. (1986) investigated the effect of geogrid on the behavior of 

granular layer over a weak clay sub grade subjected to static loading. The study 

was carried on field and model tests.  The authors concluded that the Geogrid is 

more effective by using, less stiff granular material.  The experimental results 
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showed good agreement with their analytical prediction by finite element 

method. 

Guido and Michael 1986 studied the behavior of reinforced earth on the 

bearing capacity and settlement of sandy soil.  The authors used two types of 

reinforcement, geogrid and geotextile.  The geogrid used was (the tenser SS1 

Type), while the Geotextile was (Dupont Typer 3401).  The author found that 

the bearing capacity was larger when the first layer was closest to the footing 

and when the spacing between the layers was small.  They also observed that the 

bearing capacity increased with increasing reinforcement tensile strength for the 

geotextile. 

Gray and Al-Refeai (1986) carried out a series of triaxial compression 

tests on a dry sand reinforced with randomly distributed, discrete fibers. The 

authors showed that the presence of fibers increased both the ultimate strength 

and stiffness of the sand. They observed that the increase in strength with fiber 

varied linearly to a fiber content of 2% by weight and then approached an 

asymptotic upper limit; and that at the same aspect ratio (length to diameter 

ratio) and weight fraction, rougher (not stiffer) fibers tended to be more effective 

in increasing the strength at low confining stresses. 

Bergado et al. (1987) investigated the interaction between soil and 

geogrids using both direct shear and pull out test.  The tests were applied on 

clayey sand and weathered clay reinforced with geogrids and Bamboo grids. The 

authors showed that the interaction consist of adhesion between soil and 

reinforcement on the solid surface area of the geogrid, and the bearing capacity 

of soil in front of all transverse members of the geogrids. 

Guido et al. (1987) investigated the ability of using Polymer Grids as 

reinforcement materials, the Polymer Grids used in this study were (Tenser SS1, 

SS2 and SS3).  The authors showed that the bearing capacity of geogrid 

reinforced earth slab was two to three times that of non-reinforced soil.  The 
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authors suggested that instead of using fewer stiffer ribs (such as SS3 geogrid) 

the use of many weaker ribs (such as the SS1 geogrid) would give a better 

distribution of the tensile stress. 

Arenicz and Chowdhury (1988) carried series of laboratory tests and the 

performance of earth retaining walls reinforced with both steel strips and 

random reinforcements.  Their results showed that the presence of random 

reinforcement in a backfill soil enhanced the apparent friction angle of such a 

composite material under the conditions of bond failure and the increase in this 

apparent friction angle was in direct relationship to the reinforcement content. 

Surgunan and Hussani (1988) showed that the mesh reinforcement is 

more effective than the same amount of strips or bars reinforcement . 

Shankariah and Narahari (1988) concluded that the mesh reinforcement 

was more effective in increasing the bearing capacity of the sub grade than 

Galvanized iron strips or Bamboo strips. 

Selvadurui and Gnanendran (1989) used four types of Geogrids (SS0, 

SS1, SS2 and AR1) to improve the bearing capacity of strip footing located on a 

sloped fill of granular soil.  Their tests showed that the SS2 type was more 

effective than  other types of reinforcement. 

Chan et al. 1989 investigated the effect of reinforcement to improve the 

bearing capacity and settlement reduction.  Their study was performed on field 

test using geosynthetic reinforcement in an aggregate base.  The results showed 

that the geogrid reinforcement was more effective than the woven geotextile 

when they were used to reinforce granular soil layer despite of the lower 

stiffness of the geogrid.   

Khallawi (1994) studied the effect of geomesh reinforcement to improve 

the bearing capacity of soft clay soils using 50 mm diameter model footing 

resting on soft soil.  The improvement presents by remove a part of this soil near 

the ground surface and place it by a reinforced sand. The author showed that the 
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bearing capacity increases in proportion with increasing thickness of sand layer 

H and the effective depth ratio R of thickness of upper soil (sand) layer beneath 

the footing that increases ultimate bearing capacity is R=H/B=1.5. 

Al-Mishakhi (2000) investigated the suitability of soil nailing technique 

for earth support structures.  The author studied the effect of types of 

reinforcement and the effect fiber orientation using small-scale laboratory model 

subjected to static loading.  The author showed that there was a pronounced 

improvement in the bearing capacity of the reinforced soil with steel fibers than 

the unreinforced one (bearing capacity increased 2.5 times that of the 

unreinforced model ). 

 

3.7.2 Number of reinforcement and Depth of First Reinforcing 

Layer. 

Many workers investigated the effect of number of reinforcing layers on 

the bearing capacity and settlment of reinforced soil.  Binquet and Lee (1975a) 

performed bearing capacity test on 7.6 cm wide strip footing placed on 

reinforced Ottawa sand.  The test carried out with three different conditions 

(deep homogeneous sand layer, sand layer overlying soft material and sand 

above a finite pocket of very soft material).  All tests were performed on small 

wooden box (1.5*0.51*0.33 m), The soil was placed in layers at a density of 

(15kN/m
3
) which was maintained by means of vibration.   Strips of (13 mm) 

wide and (0.013 mm) thick of aluminum foil were used as reinforcement, and 

placed at a linear density ratio of (42.5%).  The authors investigated the 

effective number of layers of reinforcement.  They concluded that the bearing 

capacity increased with increasing number of layers up to (8), beyond this 

number, little increase in the bearing capacity was noticed.  The auther also 

investigated the effective depth of first reinforcing layer.  The authors reported 

that the maximum (BCR =Bpr/Bpu ), occurred at d1 =25 mm). 
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Almmusuru and Akinbolade (1981) conducted model tests on 100 mm 

wide square footingon placed on homogeneous sand reinforced with flat strips 

of rope fiber material.  The strips used were 10 mm wide and 0.03 mm thick.  

Test were applied in a wooden box (1*1*0.7).  The authors showed a sharp 

increases in the BCR was observed when the number of layers was (three), 

beyond which little or insignificant increase was noticed.  Their tests on the 

depth of the first reinforced layer (d1) showed that the peak Bearing Capacity 

Ratio was obtained when (d1/B=0.5). 

Patel (1982) carried out laboratory model tests to study the influence of 

number of reinforcing layers on the performance of reinforced sand.  The author 

showed that the best depth of first reinforcing layer in case of circular footing 

was found to be (0.47D).  This was obtained from a study on the performance of 

sand bed reinforced with fiber-glass  .This results agreed with the work of 

Sreekantiah (1988) who reported that the depth of upper layer is (0.4B) based 

on testes of square and strip footing resting on sand reinforced with aluminum 

stripes.  On the other hand Vanicek (1983), tested a strip footing on reinforced 

sand, observed higher values of the depth of first reinforced layer.  He reported 

that the optimum depth of the first reinforce layer was (0.75B).  Selvadurai and 

Gnanendran (1989) carries series of tests on strip footing placed on sloped fill 

reinforced by Geogrid tenser SS2.  They showed that the optimum depth of 

reinforcement was (0.7B), and the deep location of the geogrid layer at (d1 = 

2B) does not lead to any improvement in either the carrying load or the stiffness 

of the footing. 

Andrawes et al (1983) studied the behavior of strip footing rested on sand 

bed reinforced by a single layer of Geotextile.  They observed that the optimum 

depth of first reinforcing layer was (0.25B). 

Gudio et al. (1986) showed that the bearing capacity ratio (BCR) 

increases with increasing number of reinforcing layer to an optimum number of 

(n=3) after which no significant changes on the results were observed.  Their 
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results were based on the experimental work on square footing resting on sand 

bed reinforced with geogrids and geotextile. 

Al-Jebouri (1986) studied the bearing capacity of footings on reinforced 

sand.  The author showed that the bearing capacity was increased with the 

number of reinforcing layers and there was a reduction in settlement.  The major 

improvement was observed at five layers of reinforcements, beyond which little 

increase was noticed.  The author observed that the bearing capacity decrease 

and the settlement increase with increasing the thickness of reinforcing layers 

and the effective thickness of reinforcing layer < 0.25B. 

Elamin et al. (1987) carried his study on a plane strain model of sand 

reinforced with aluminum foil.  He showed that the optimum depth of the first 

reinforcing layer was (0.2B). 

Fukuda et al. (1987) studied the ability of using (Polymer Grid) as a 

reinforcement material in granular soil.  The authors showed that the effective 

depth of first layer of reinforcement was 2/3 footing width. 

Sreekantiah (1988) showed that the maximum caring capacity ratio was 

obtained when the first reinforcing layer was placed at a distance of (0.4B).  He 

also showed that the bearing capacity ratio increases with increasing number of 

reinforcing layer up to 7. 

Shankariah and Narahari (1988) studied the bearing capacity on 

reinforced sand bed.  They showed that the Bearing Capacity Ratio decreased 

with increasing depth of first reinforcing layer until it tends to unity when the 

depth exceed (1.41B).  The authors showed that, when the number of reinforcing 

layers was less than two, there was no breaking of the reinforcements, and only 

pull out failure occurs. 

Aswad (1989) investigated the effect of Nylon Mesh  reinforcement on 

the bearing capacity of sand below shallow foundations.  The results of 

laboratory model tests were compared with that obtained from the finite element 
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program.  The experimental results indicated that there is a considerable increase 

in the bearing capacity of reinforced soil when number of layers increased, 

specially when the number of layers is (5) for a condition (d1/B=0.25) and 

(S/B=0.25).  the author showed that the increase in the bearing capacity was 

(330%), compared with unreinforced sample. He concluded that the bearing 

capacity decreases with increasing the vertical distance between reinforcement 

layers, and he found that the highest value of bearing capacity can be obtained 

when (S/B=0.25).  This result agreed with the results obtained by Al-Jebouri 

1986.       

Selvadurai and Gnanendran (1989) studied the behavior of footing 

resting on a sloped fill reinforced by a geogrid.  The author concluded that, 

when d1 < B the failure path is penetrated below the reinforcement, while when 

d1 > B the failure occurs at the soil geogrid interface (i.e. the failure path is 

limited in narrow zone). 

Sulaiman (1991) studied the effect of number of reinforcing layers on the 

bearing capacity of reinforced sandy soil.  He considered that the degree of 

improvement in the bearing capacity was measured in terms of the interference 

factor (I. F =carrying capacity of adjacent footing /carrying capacity of an 

isolated one of the same size).  The author observed that the interference factor 

decreases with increasing of reinforcing layers.  The highest (I.F) was recorded 

at single layer of reinforcement. 

Mekkiyah (1993) studied the utilization of reinforcing the soil to improve 

foundation subjected to varying load amplitude. Two groups of tests were made: 

static and varying load amplitude tests.  Tests were performed on a model of 

circular footing rest on the surface of reinforced soil.  The author investigated 

the effect of depth of the top most reinforcement layer, number of layers, type of 

reinforcement.  The reinforcement used are polymer geomeshes comercially 

known as neylon mesh CE 111 and CE 121, using different number of layers 

n=1, 2 and 3, and various depths of first reinforcement layer B/6, B/2 and B.  
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The author showed that the maximum load carried by footing increased when 

the depth of first reinforcing layer was closer to the footing base.  He also 

showed that the effective number of layers was 3. 

 

 

3.7.3 Length of Reinforcing Layer 

Bassett (1978) conducted series of laboratory tests to study the effect of 

length of reinforcing layers on the bearing capacity and settlement.  The authors 

showed that the increase in length of reinforcement appears significant, because 

this will cause a greater body of soil bellow and either side of the footing to 

behave in the restricted manner. 

Tatsuoka et al. (1982) investigated the effect of length of reinforcing 

layers on the behavior of reinforced soil.  They performed their study on sand 

reinforced with steel bars.  A strip footing was used as a surcharge load.  The 

authors showed that the effective length of reinforcement was equal to the width 

of footing.  This result does not agreed with that obtained by Fragaszy et al. 

(1983) who worked on square and rectangular model footings.  He concluded 

that the effective length of the reinforcing layer is (7B) for dense sand and (10B) 

for loose sand. 

Mahmoud and Abdrabbo (1989) performed laboratory tests on strip 

footing laid on sand.  The reinforcement used in the study was (Vertical Strips 

of Aluminum).  The authors showed that the effective length of reinforcing 

layers was (3B) at a distance  (1B) from the centerline of the footing. 

 

3.7.4 Spacing of Reinforcements 

Yang (1972) performed an experimental study on sand reinforced with 

sheets of fiberglass netting using circular footings of 6 and 8 inches diameter as 

a surcharge load.  He carried out all tests with different size of reinforcement.  
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The author studied the effect of spacing of reinforcement.  He showed that, a 

greater reduction in settlement and higher ultimate bearing capacity was 

observed when using large diameter of reinforcing net and using small spacing 

between reinforcement. 

Bassett (1978) studied the effect of reinforced earth below footings and 

embankment.  The author observed that the most important fact appears to be 

that the reinforcement should be of sufficient large diameter or closely spaced 

enough for the whole soil mass to be influenced.  He observed also that the 

maximum spacing between reinforcement < 8D, (were D is the diameter of 

reinforcement use). 

Akinmusuru and Akinbolade (1981) conducted their tests on reinforced 

sand bed using 100 mm wide square footing.  They reported that, increasing the 

vertical spacing of reinforcement, would breakage the ties which were restricted 

to the upper two layers.  The authors showed that the pull out failure was more 

probable than tie breakage.  They also observed that the bearing capacity ratio 

decreases with increasing the horizontal spacing, and the maximum decrease in 

the bearing capacity ratio was observed when the horizontal spacing was 

changed (0.5-1.0B). 

Al-Jebouri (1986) showed that there was a pronounced improvement in 

the bearing capacity and reduction in settlement when decreasing the horizontal 

distance between reinforcements.  The author attributed this behaviour to the 

higher intensity of reinforcement that produces greater friction forces within the 

soil mass.  He showed that the major improvement occurred at linear density 

ratio (LDR=40%). 

Guido et al. (1986) investigated the effect of vertical spacing between 

reinforcing layers on the behavior of reinforced soil.  The authors showed that 

the bearing capacity ratio decreased with increasing vertical spacing between 

reinforcing layers.  They showed that the optimum distance between subsequent 
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layers was found to be (0.25B).  These results supported by Elamin et al. (1987) 

who showed that the optimum vertical spacing of reinforcement was (0.3B).  

While Fukuda et al. (1987) showed higher values of the optimum vertical 

spacing between reinforcements, which reached (2/3B). 

 

3.7.5 Shape and type of footing   

Al-Jebouri (1986) investigated the effect of shape of footing on the 

behavior of reinforced soil using four shapes of footing namely square, circular, 

rectangular and strip footings.  The dimentions were 100*100 mm, 100 mm 

diameter, 100*200 mm respectively.  The footings were made of 50 mm thick 

aluminium.  The author showed that, the greatest bearing capacity ratio was 

obtained on strip footing.  He attributed this behavior to the largest length with 

respect to the other types, and it was rested on greater number of reinforcing 

strips, which in turn produces greater frictional stress in the soil beneath the 

footing, all results are shown in Table (3-11). 

 

Table (3-11): Effect of shape of footing on the bearing capasity and settlement of 

reinforced soil (After Al-Jeboury 1986). 

Type of footing 
Ultimate bearing capacity kN/m

2
 Bearing capacity 

ratio Unreinforced sand Reinforced sand 

Circular  104 246 2.36 

Square  108 324 3.00 

Rectangular  175 892 5.09 

Strip (100 mm wide) 206 1080 No failure 

Strip (70 mm) wide 190 1160 6.10 

 

Sulaiman (1991) studied the interference of neighboring footings on their 

carrying load and settlement on plain and reinforced soil.  The test were carried 

out in a well-stiffened wooden box of  (1000*1000*600 mm).  The effect of 
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shape of footing on the bearing capacity and settlement were investigated.  The 

author showed that the circular, square and rectangular footings were 

significantly interfered with each other when they are situated on plain sand, 

while they are slightly affected by the neighboring on reinforced soil.  In the 

contrary the interference in clearly pronounced on the strip footing for both 

cases of reinforced and unreinforced conditions. 

 

3.8 Effect of Repeated and Dynamic Load on the Behavior of 

Reinforced Earth Structures 

Richardson and Lee (1975) investigate the effect of dynamic load  

subjected to a small-scale reinforced earth retaining wall model.  The authors 

applied the dynamic load using the shaking table technique.  They found an 

empirical formula, which is a function of acceleration.  Rechardson et al. (1977) 

used a full-scale model, which was subjected to a dynamic load.  The results 

indicated that the static design of a reinforced earth is satisfactory intense 

seismic loading. 

Murray et al. (1979) applied many tests on strip reinforcement using 

static and vibrating load, using a pull out test.  The author concluded that there 

was a significant loses of pull out resistance under the effect of vibration. 

Al-Ashou (1981) studied the long-term behavior of reinforced earth under 

repeated loading using a half scale model with a single steel-reinforcing strip.  

The author concluded that the safest loading condition occurred when the strip 

was subjected to a static tensile load with cyclic surcharge pressure.  He stated 

that under the same loading amplitude, the tensile-to zero loading condition 

resulted in a shorter loading life of the reinforcement compared with that when 

the lower load level was more than zero (0.1Pu).  The measurements pointed to 

the presence of a considerable amount of residual stress when the load was 

completely removed from the reinforcing strip.  The author showed that the 
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loading amplitude have a pronounced effect on the performance of the 

reinforcing strip. 

Ingold (1983) investigated the behavior of impact loading on both 

metallic and plastic grids embedded in sand.  He showed that the pull out test is 

unsuitable for weak reinforcing materials that is likely to fail in tension rather 

than by pull out.  The author observed that the grid structures are potentially 

more efficient than plain reinforcement in resisting the cumulative embedded 

area of grid members normal to the direction of pull out and not the embedded 

plain area of the reinforcement. 

Al-Saffar (1989) studied the effect of reinforcement to improve the 

behavior of foundation subjected to a static and repeated impact loads.  The 

foundation rested on sand and the model footing subjected to (low, moderate 

and high impact loads and falling weight system).  The author used galvanized 

strips as a reinforcement material and arranges it in two perpendicular 

directions.   From the static test the author showed that the most beneficial depth 

of first reinforcement layer at which the bearing capacity ratio increased to a 

significant value was found to be (d1=B/6).  The author showed that the critical 

number of layers was three, above this no significant change in bearing capacity 

ratio can be observed.  From the dynamic test results the author concluded that 

the efficiency was found to depend on (the depth of top most reinforced layer 

d1, Impact loading amplitude and Number of reinforced layers).  He found that 

the efficiency decreases with increasing the depth of first layer d1. 

Al-Dobaissi (1990) carried out series of impact loading tests and pull-out 

tests using 5 types of geogrid reinforcement materials.  The impact loading tests 

were performed on an instrumented model footing resting on the surface of 

reinforced soil.  The footing was subjected to impact loading.  He concluded that 

the reinforced earth efficiency was found to be dependent on the depth of the top 

most reinforcement layer (d1), number of layers and the stiffness of geogrids.  

The author showed that high efficiency of reinforced earth was observed at a 
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value of (d1=B/3).  The efficiency increased with the number of layers and up to 

three layers after which no significant gain in the efficiency was observed.  The 

author also showed that a high efficiency of reinforced earth to impact load can 

be obtained when the reinforcement were spread within a (depth < B) below the 

footing base. 

 

3.9 Field Model of Reinforced Earth  

3.9.1 Reinforced Earth Retaining Wall 

Al-Hussainy and Perry 1978, constructed a reinforced earth retaining 

wall, 3600 mm high, 4880 mm long, and 3000 mm wide at the U.S Army 

Engineer Waterways Experiment Station (WES) to examine the behavior of 

reinforced earth structures during construction and at failure.  The reinforcing 

steel ties used in the test, which were made from Galvanized zinc; each strip was 

0.63 mm thick, 101.60 mm wide, and 3000 mm long as shown in figure (3-12).  

The stress strain test conducted on 12.70 mm wide steel strip indicated a 

modulus of elasticity (E = 214.6*10
6
 kN/m

2
) and yield stress 351*10

3
 kN/m

2
.  

The skin elements were made of Alcoa T11 high-strength aluminum panels 

intended for use in the expedient construction of airfields.  Each panel is 610 

mm wide, 3660-mm long and 40.64 mm thick which can be easily connected to 

each other by hinge-type connections.  The fill material used in the construction 

was clean sand (SP), G = 2.66, Dr = 20%.  The sand was tested at a dry density 

of 16.45kN/m
3
. 
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First landing mat sections were placed to permit a more uniform 

distribution of the surcharge load accomplished the surcharge loading.  A 

surcharge load was imposed on the wall using (907.2-kg) weights, which were 

placed in checkerboard fashion.  A set of instrumentation readings, including the 

lateral deformation, was recorded at every 12.0*10
3
 increment of surcharge load 

until failure occurred.  The instrumented reinforcing strips were located at 

elevations (310, 1530, and 2750 mm) above the bottom of the wall and 

instrumented on both surfaces at points (310, 760, 530 and 2290, mm) from the 

skin element. The tensile strain distributions as a function of superimposed 

vertical pressure of the overlaid fill plus the surcharge load for the instrumented 

strips are presented in figure (3-13).  Knowing the modulus of elasticity E for 

galvanized steel, the tensile stress distribution along the instrumented strips can 

be easily obtained using Hook's law.  The tensile stress distribution at the end of 

construction and prior to failure for the instrumented reinforcing strips was 

illustrated in figure (3-14).  

 

 

Figure (3-12): Reinforcing strips spread evenly on surface of sand using full 

scale model, after Al-Hussainy and Perry 1978.  

(After Al-Hussainy et al. 1976). 
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3.9.2 Reinforced earth bellow footing 

Figure (3-15) shows a model test rig.  The tank provides a plane section 

75 mm high*75 mm*150 mm front to back with very stiff glass sides to 

minimize friction.  The test footing is smooth, 10 mm wide and is instrumented 

on one side of the center line with a (5 mm* 4 mm face area) contact stress 

transducers, to measuring the shear force, the normal force and its eccentricity, 

Bassett et al 1978.  The tanks limits were considered to be just sufficient 

removed from the footing not to interfere with the possible displacement model.  

All tests were carried out using the leighton Buzzard sand at mean void ratios of 

0.54 (medium dense) and 0.63 (loose).  The reinforcements used in reinforced 

model was represented by steel rods with different patterns.  The effective ratio 

of the area of reinforcement to soil was approximately 0.1%.  The study showed 

that the straw reinforcement was the most effective despite its inferior strength 

and lower E value.  The most important fact appears to be that the reinforcement 

should be of sufficiently large diameter or closely spaced enough for the whole 

soil mass to be influenced.  The study indicate that; a maximum spacing of 8D 

Figure (3-13): Variation of strain 

distribution with applied vertical load 

for the reinforcing strip 1 foot above the 

 bottom of the wall (After Al-Hussainy 

et al 1978) 

Figure (3-14): Stress and strain 

distribution along the reinforcing ties at 

the end of construction and prior to 

failure (After Al-Hussainy et al 1978) 
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should be used as an initial guide.  The reinforcement displaces the distortion 

mechanism to greater depth and hence increases the bearing capacity.  The load 

settlement response is considerably stiffened and appears almost linear up to a 

stress of 64 kN/m
2 
corresponding to a settlement of 10 mm.  (10% of the footing 

width). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



95 

 

Chapter Four 

Experimental Work 

 

4.1 Introduction 

The experimental work consists of performing laboratory and field model 

tests, to investigate the feasibility of using reinforcement materials such as fine 

wire mesh, mats of reed, plastic grid, nylon strips and steel grid reinforcement, 

in order to improve the collapsibility of gypseous soils.  The testing program is 

shown in figure (4-1).  Details of the materials and experiments used are given 

in the sections below. 

 

4.2 Materials Used 

4.2.1 Soil  

 Two types of soils (S-1 and S-2) were used in this study.  The first one 

was brought from an area near the Sodium Sulphate Factory, 29-km northwest 

of Samarra City, Salah Al-Deen governate It is secondary, weakly cemented 

structure with gypsum content of 70%.  The second soil was obtained from 

Balad region in Salah Al-Deen governate with gypsum content 47%.  Samples 

were taken from 1.25m depth. 

 

4.2.1.1 Soil Testing 

The two soils were oven dried at 45
o
C, pulverized then sieved through 

No. 4 sieve (4.75 mm).  A series of physical and strength tests were conducted 

combined by finding the gypsum content by two other different methods. 
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Figure (4-1): Testing program flow chart 
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Chemical Composition 

Chemical tests were conducted on the two soils according to the 

recommended specification by the Geological Survey and Mining Company 

(Iraqi specifications for dissolved salts in the soil).  The percent of gypsum was 

determined by two other methods: the first one was acetone precipitation 

method (performed in the laboratories of Ministry of Irrigation), the second one 

was the dehydration method at 105
o
C.  In This method a simple equation was 

used: 

X = [(W45
o

C+W105
o

C) / W45
o

C]*4.7778*100 

where 

      X = the gypsum content. 

W45
o

C = weight of solids at 45
o
C. 

W105
o

C= weight of solid at 105
o
C. 

4.7778   = inverse ratio of weight of hydration water to weight of gypsum. 

X-Ray Diffraction 

The X-Ray Diffraction was conducted according to the specifications of 

the Geological Survey and Mining Company in Iraq. 

Physical Tests 

Moisture Content 

This test was performed according to ASTM D2216-80 standard drying 

temperature of 105
o
C-110

o
C is specified as the standard procedure.  However, 

this temperature is too high for certain types of soil like gypseous one.  Thus the 

moisture content was determined at dry temperature between (40-50)
o
C to 

prevent any loss of crystal water above this temperature, Nashat and Al-Mufty 

2000.  The dry weight was taken after the specimen reached a constant weight. 
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Specific Gravity 

The specific gravity of the soil was determined according to BS1377: 

1975 6(B), Head 1980, by using density bottle of 50 ml capacity.  Instead of 

water, white spirit was used to prevent gypsum from dissolving in water.  The 

specific test was conducted by N.C.C.L, soil investigation department. 

Grain-Size Distribution 

The grain size distribution was performed according to ASTM 422-79.  

The natural soil was wet sieved through No.200 (0.075 mm) sieve, then the 

sample was oven dried at 45
o
C, then sieve analysis was carried out by a set of 

sieves. 

Usually for the salty soils like gypseous ones and according to the Road 

Research Laboratory 1964, the soil samples are treated by acids to remove 

calcium components mainly gypsum from the soil particles.  After which the 

testing according to the wet procedure was followed.  The amount that passing 

sieve No.200 was analyzed by the standard hydrometer method. 

A wet sieving was carried out by using Kerosene.  For this type of sieving 

the grain size distribution curve was much coarser than the previous two 

methods because of the cementing action of the gypsum that binds the soil 

particles with each other and probable partially dissolved by washing by water 

and kerosene which made the hydrometer analysis give uncorrected results, 

Nashat 1990. 

Atterberg Limits 

The liquid and plastic limit tests were performed according to ASTM 

D4316-84, the first test was done using Casagrande device and tools.  The above 

tests were carried out on natural soil sample passing sieve No.40 then prepared a 

specimen of 200 gram by mixing thoroughly with distilled water and soaked in 

storage dish for 24 hours to soften the soil then the test were started.  The drying 
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temperature maintained between 40-50
o
C because the soil contains a significant 

amount of gypsum. 

The linear shrinkage test was performed according to BS 1377 1975 NO.5 

Head 1980, to get the percentage of linear shrinkage of the soil.  This method 

can be used for soil of low plasticity. 

Field Density 

This test was performed according to ASTM D 1556-82 to find density of 

the soil in the field or in place by the sand cone method.  This test was repeated 

for two times near the pit, which the soil was brought from. 

 It is quite difficult to measure the density of gypseous sandy soils, 

because it was not easy to obtain undisturbed samples from the two sites.  So 

another method was used by taking a mass block of gypseous sandy soil 

obtained from the site as shown in Figure (4-2), was placed in a nylon bag to 

keep the water content of the soil constant until the specimen is tested in the 

laboratory.  

 
Figure (4-2): A mass block of gypseous sandy soil 

obtained from the first site 
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The weight of the mass block was recorded, Then it was placed in a steel 

container, filled with a high density liquid (diesel oil).  The idea behind using 

this liquid was to ensure that the gypsum would not dissolve from the soil mass 

block.  The quantity of the displaced oil was collected in a graduated cylinder 

for measuring its volume. 

Compaction Test (standard and modified) 

These tests were performed according to BS 1377-75 NO.12 and 13, 

Head 1980, to fined the moisture-density relation of the soil under the 

specification of Proctor compaction test, the apparatus and energy.  The soil was 

oven dried at (40-50)
o
C and sieved on 20-mm sieve before the tests were 

conducted. 

Maximum Density 

This test was performed according to section 3.7.3, Head 1980, for silty 

soils which gives the maximum or highest density that is possible to achieve.  In 

this test soil was compacted into the proctor mould as the modified compaction 

test, but applying 80 blows instead of 27 on each of five layers.  The 

corresponding void ratio was also determined. 

Minimum Density (Dry Shaking Method) 

This test was performed according to section 3.7.4, Head 1980, to get a 

lower density which is possible to achieve by slow pouring of pre-weighed dry 

Figure (4-3): Excavation of trial pits to 1250 mm depth to obtain block 

samples 
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soil in air through a graduated cylinder.  The maximum void ratio can be 

calculated, which led to relative density calculation, Head 1980. 

For the S-1 soil, Site and laboratory investigations were performed.  Three 

trial pits were excavated to 1250 mm depth and block samples were obtained, as 

shown in figure (4-3). 

 

The full-scale field tests were performed on a site near the Sodium 

Sulphate Factory (S-1) soil in Al-Dour, location about 29 km north east of 

Samara city in Salah Al-Deen Governate.  The area in which all field tests were 

carried, in addition to soil profile are shown in figure (4-4). 

 

100 m 

Al-

Malwiya 

Al-Dour Samarra City 

Sodium 
sulphate 

Factory 

29 km north-

west Samarra 

City 
 Sample 1 (The chosen location)  Sample 2 

Sample 3 

Figure (4-4): Location of the site for S-1 soil near the Sodium Sulphate Factory in Al-

Doar region in which all field tests were carried near trial pit no.1. 

Depth 

(m) 
Legend Soil 

description 

1- 
2- 
3- 
4- 
5- 
6- 
7- 
8- 
9- 

 

Light 

gypsum 

with silty 

sand 
Stiff 

brown 

elastic silt 

with sand 
Stiff file 

alocation 

table clay 

with sand 

 

 

 

 

The site soil profile 
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The preliminary investigations for S-1 soil is shown in Table (4-1), it was 

decided that trial pit No.1 was the most favorable location since it have the 

maximum gypsum percent.  On the other hand the S-2 soil with G.C=47% was 

obtained from one trial pit and excavated to the same depth (1.25 m). 

 

Trial pit . pH value CaO% SO3% W.O.C% Gypsum% 

1 7.5 25 35 16 76 

2 8.2 25 32 14 69 

3 7.7 25 35 15 76 

The classification and chemical analysis of the two soils were determined.  

The physical properties and the chemical analysis for S-1 and S-2 soil are 

presented in Table (4-2).  According to the Unified Soil Classification System 

the two soils are ML.  The grain size distribution curve for the two soils is 

shown in figures (4-5) and (4-6).   

Table (4-2): Average Results of the chemical  and physical tests for used soils. 
Chemical Composition 

Test No. Results of S1 Results of S2 

Gypsum content% 

BaCl2 method 

Acetone precipitation method 

Dehydration method at 105
o
C 

 

3 

3 

3 

 

76* 

59  Average 
73   ~ 70% 

 

 

   Average 

     ~ 47% 

Total sulphate content SO3 6* 35 21 

CaO content% using EDTA 6* 25 16 

Total Dissolved Salts TDS% 5* 79 48 

Water Of Crystallization W.O.C 5* 16.67 11.26 

PH value 5* 7.4 8.6 

X-Ray diffraction 

5* 

Gypsum, 

Quartz, 

Palygoskite, 

Gypsum 

Calcite 

quartz 

Table (4-1): Chemical and mineral analysis for S-1 soil brought 

from Al-Doar region in Salah Al-Deen Governate. 
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Feldspar 

Physical Properties  

Test  Results of S1 Results of S2 

Moisture content% 3 2.6 1.8 

Specific gravity 5* 2.43 2.519 

Grain size distribution HCl 

treated specimen 
5* 

Classified as 

ML 
ML 

Atterberg limits 

Liquid Limit LL% 

Plastic Limit PL% 

Plasticity Index PI 

 

3 

3 

3 

 
31 

25 

6 

 
32 

26 

6 

Linear Shrinkage LS% 2 1.21 5 

Field unit weight kN/m3 3 14.6 16.8 

Initial void ratio 3 1.931 0.79 

Compaction test γd kN/m3, 

Wopt% 

 

Standard 

Modified 

 

 

3 

3 

 

 
15.5 ,12.6  

1668 ,11.9  

13.2 

Maximum dry unit weight kN/m3 3 17.14 18.9 

Minimum void ratio 3 1.42 0.21 

Minimum dry unit weight kN/m3 3 11.52 11.31 

* Tested by State Establishment of Geological Survey and Mining. 

 

Figure (4-5): Grain size curve for soil with G.C=47%
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4.2.2 Reinforcement  

The study covered the use of five kinds of reinforcing materials 

manufactured locally (plastic grid, steel grid, nylon strips, fine wire mesh and 

mats of reed coated with asphalt).  Special treatment was applied to the reed 

mats before the use.  It was coated with hot bitumen to minimize the effect of 

water and biological effect which may appear due to long term wetting of reed 

material.  All types of Reinforcements were used to improve the collapse 

behavior of gypseous soils upon wetting and during leaching process. 

Figure (4-6) Grain Size curve for soil with G.C=70%
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The basic idea of using reinforcements is to increase the friction force 

between the soil particles and reinforcement material, which will increase the 

bearing capacity and reducing the collapse settlement upon wetting and during 

leaching process.  Some of these reinforcements are relatively inextensible such 

as the mat of reed.  The extensible types were fine wire mesh, nylon strips, 

stainless steel grid and plastic grid.  All types of reinforcement used are shown 

in figure (4-7). 

4.2.2.1 Tensile Stress of Reinforcement Materials 

A strip of each reinforcement material of 80 mm length and 15 mm width 

was tested according to (ASTM, No. D882) to allow good adjustment of spacing 

for different reinforcing intensity, Al-Jebouri 1986.  The tensile stress for each 

type of reinforcement used in this study was determined and the results are 

shown in Table (4-3).  The coefficient of friction between reinforcement and 

gypseous soil particles was determined by standard shear box.  In this test, the 

lower part of shear box was filled with wooden block and the reinforcement was 

Figure (4-7): Reinforcement used (plastic grid, steel grid, mat of reed, fine wire mesh, 

nylon strips 
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glued to the block.  The upper part of the box filled with soil at the same field 

density 14.6 kN/m
3
.  The test was performed under different surcharge loads.  

The angle of friction between soil particles and different reinforcing materials is 

given in Table (4-3).  The test was repeated by wetting the soil with water 

instead of using dry soil in order to investigate the effect of soaking on the angle 

of friction (δ).  Many investigators, Smith and Rowth 1978, Schlosser and Elias 

1978, Al-Hussaini and Perry 1978, Kennedy et al. 1980, Al-Jebouri 1986 and 

Aswad 1989 used this procedure. 

 

Table (4-3): properties of reinforcements used 

Reinforcement Type 
Tensile strength 

N/mm
2
 

No 

of 

test 

Angle of friction between 

reinforcement and soil 

Dry test No Soaking test No 

Steel Grid 367 3 33o
 3 33

o
 3 

Plastic Grid 314 3 33o
 4 30

o
 4 

Fine Wire Mesh 328 3 36o
 3 29

o
 3 

Nylon Strips 266 4 35o
 3 28

o
 3 

Mat of reed 30 3 33o
 4 19

o
 3 

 

4.3 Mechanical Properties of Soil 

4.3.1 Strength Test 

Consolidated Undrained Triaxial Test/CU Test 

This test was conducted according to Head, 1980.  The specimens used 

were prepared (remolded) at-field density.  Each specimen of 38 mm in diameter 

and 76 mm in height was tested at a rate of 1 mm/min and the test was stopped 

when 20% strain was reached. 

The confining pressure was applied to the samples inside the triaxial cell 

using 50, 100, 150 kPa for all samples respectively.  The test was carried out to 
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investigate the shear strength parameters (C,Ø) for the dry soil.  The same test 

was carried out on the soaked sample to investigate the reduction in shear 

strength parameters. 

 The average results showed that the angle of internal friction for S-1 and 

S-2 equal to 36
o
 and 29

o
 respectively while the cohesion for S-1 and S-2 soils 

are C=7.2 kPa and 6.8 kPa respectively.  The test was repeated for the two soils 

at wet condition.  The average results of angle of internal friction was drooped 

for S-1 and S-2 soils to 19
o
 and 22

o
 respectively.  The cohesion was drooped 

after wetting the specimens and it reduced for S-1 and S-2 soils to 4.8 kPa and 

4.9 kPa respectively. 

These results give an indication of the reduction in shear strength 

parameters after soaking.  This reduction may be the result of lubrication 

between soil particles during soaking, gypsum dissolution during model test and 

low original density of the soil specimen (field density).  The reduction ratio in 

the angle of internal friction for S-1 and S-2 soils are 47% and 24% respectively.  

The reduction in the cohesion for S-1 and S-2 soils are 33% and 27% 

respectively.  The results of the two soils are summarized in Table (4-4). 

 

Table (4-4): Consolidated Undrained Triaxial Test results for two soils. 

Soil type 
Dry test 

Test 

no. 

Wet test 
Test 

no. 
C (kPa) Ø

o
 C (kPa) RP% Ø

o
 RP% 

S-1 Soil 7.2 36
o
 3 4.8 33% 19

o
 47% 3 

S-2 Soil 6.8 29
o
 3 4.9 27% 22

o
 24% 3 

 

4.3.2 Collapse Tests 

Collapse test also called Single Oedometer Test, was suggested by Knight 

1963.  The test was performed similar to the standard consolidation test except 

that the specimens were initially loaded at dry condition. 
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The loads were applied progressively until the specified soaking pressures 

were reached.  These stresses was doubled every 24 hours up to 200 kPa.  At the 

end of this loading state, the sample were inundated and left to 24 hours except 

sample No.5 was left for a soaking period of 48 hours as shown in Table (4-5).  

The consolidation test was then continued to maximum pressure.  Calculations 

was performed according to Kezdi, 1980. 

Table (4-5): Collapsde Potential Results for S-1 soil and its identification 

according to Jenings and Knight 1975. 

Density Soaking Stress (kPa) Soaking Duration hours C.P % Identification 

field 100 24 6% Trouble  

field 200 24 14% Severe 

Maximum 

density 
100 24 0.7% No problem 

Maximum 

density 
200 24 2% Moderate 

field 200 48 17% Severe 

 

Figures (4-8), (4-9) and (4-10) with Table (4-5) shows the different in 

collapse potential values C.P% for S-1 soil with GC=70%,  according to Jenings 

and Knight 1975. 

 

All tests showed an acceptable variation in C.P values due to change in 

density, applies stress and soaking duration.  Increasing in the soaking period 

gave more chance for more densification of soil particles and gypsum 

dissolution.  Field density exhibited raped development of settlement due to its 

lower value compared to the collapse generated at maximum density and under 

the same stress level.  This behavior may attribute to the change in density rather 

than to the dissolution of salts.  The collapse potential increases with increasing 

stress level when all other parameters (soaking, duration and density) were kept 

constant.  
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4.4 Laboratory Model Test 

4.4.1 Laboratory Test and Equipment Used 

A cylindrical testing box with 580-mm diameter and 650 mm height, 

made from galvanized steel was used in this study.  The box was stiffened at all 

sides.  The upper part of the cylindrical steel box opened and the water control 

systems that are using in the air cooling equipment was fitted near the upper side 

of the steel container, as shown in figure (4-11).  This process was used to 

control the head of water for leaching test.  At the lower part of the steel box, 

valves were placed and connected together by a rubber tube for leaching test.  A 

graded fine aggregate was prepared according to the filter requirement as shown 

in figure (4-12). The filter material was placed at the lower 150 mm of the steel 

model to allow the leaching water to infiltrate through the filter material without 

loss soil particles. 

 

 

Figure (4-12): Determination of the grain size 

distribution of filter used after Das(1976)

0

10

20

30

40

50

60

70

80

90

100

0.1 1 10Grain Diameter mm

P
e

rc
e

n
t 

F
in

a
r 

b
y

 W
e

ig
h

t

filter

Range of 

good filter



111 

 

4.4.2 Loading Frame  

The cylindrical model was placed over 800 mm diameter strong steel base 

of 10 mm thick.  The base was connected to a stiff loading frame, which was 

locally manufactured in the (NCCL) laboratory. 

  The frame consists of two columns of steel channels 2500 mm height, 

which intern bolted to a loading platform.  The platform was designed to slide 

along the columns and can be fixed at any desired height by means of slotting 

spindles and holes provided at different intervals along columns.   

Details of all manufacture steps of loading frame and the instrument used are 

shown in figure (4-13). 

Figure (4-13): construction of laboratory loading frame 
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The final form of steel laboratory loading frame are shown in figure (4-

14). 

 

 

4.4.3 Laboratory Loading System 

  The hand mechanical jack that is used for the CBR test, figure (4-15) 

was modified and used for loading control system in this study.  The body of the 

Jack was manufactured from Aluminum alloy and houses a totally enclosed 

Figure (4-15):  Hand operation loading system used in the CBR test 

Figure (4-14): Final form of the steel loading frame. 

Lading Frame 

Proving ring 

Dialgage 

Mechanical Jake 

10 cm diameter 

footing 

Reinforcement 

Gypseous sand 

Bolts 
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worm and wheel.  The gear ratio has been carefully selected to provide a 

handweel speed that can be comfortably maintained by the operator.  A quick 

release device incorporate in the screw jack allows the plunger to be rapidly 

adjusted to any position before or after test.  The capacity of the jack was 45 kN. 

The soaking test for soils containing high percentages of gypsum, need 

high-speed control loading system, in order to keep the soaking pressure 

constant with continuous and high rate dissolution of gypsum in the soil bellow 

the footing. 

The modification simply consisted of the addition of an electrical motor 

operating system instead of the ordinary hand operating mechanical jack that 

used in the CBR test. 

A pulley was manufactured locally and placed instead of the hand control 

arm of the jack, as shown in figure (4-16).  The pulley was designed in a way 

that it can be operated easily by the electrical motor with a regulator puddle in 

order to control the speed of the motor during tests on the laboratory models, as 

shown in figure (4-17).  This modification was made specially to fix the soaking 

pressure at the first period of the soaking test. 

Figure (4-16): The modification on the Hand operation mechanical jack, presented 

by the addition of electrical motor with a regulator for speed control. 
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The proving ring was connected at one side with the jack and from the 

other side it was attached to a cylindrical steel shaft which was used to transfer 

the load to a circular footing, and to adjust the height of the ring.  A spherical 

recess was made at the end of the shaft to accommodate the ball connection with 

the center of the footing.  A circular footing of 100-mm diameter was used in the 

laboratory model test.  It was made from aluminum alloy with 20-mm thickness, 

as shown in Figure (4-18).  The size of the footing was selected, so that the 

Figure (4-17): The electrical motor used in the modification of Loading 

system 

Figure (4-18): 100 mm Aluminum circular footing 
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expected failure load should be within the range of the capacity of the available 

test rig. 

4.4.4 Laboratory Model Preparation for Unreinforced Gypseous 

Soil 

A 120 kg of gypseous soil were oven dried at 45
o
C, sieved by No. 4 sieve 

mixed thoroughly with (10%) of water.  The laboratory model box having 

dimensions of 580 mm diameter and 650 mm height was fitted at its position, as 

shown in Figure (4-19).  The filter soil of highly graded aggregate was placed at 

the bottom of the container at a 150 mm height (for leaching test) as mentioned 

before. 

Figure (4-19): Model tank preparation for unreinforced gypseous soil test 

 

The soil was divided into 10 kg batches, and spread into the container in 

layers of 25 mm thickness.  A hammer (mass of concrete droped from fixed 

height) was used for controlling the density of the used soil.  The density used in 
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all tests was equal to the field density (14.6 kN/m
3
), to give close behavior of 

gypseous soil as in the site.  The layer was then leveled with extra care to 

produce minimum disturbance of the surface.  This was done with the aid of 

straight edge running across the full area of the surface of the soil.  The 

procedure was continued until the final bed thickness of soil became 300 mm. 

The footing of aluminum of 10 mm thick and 100 mm diameter was situated at 

the center of the cylindrical container. 

 

4.4.5 Laboratory Model Preparation for Reinforced Soil 

In preparing the model test for the reinforced gypseous soil, the same 

procedure was followed as for the unreinforced soil except that, when reaching a 

depth 1.25B under the predetermined surface of gypseous soil bed.  The first 

reinforcement layer was situated at the upper surface of the compacted layer as 

shown in Figure (4-20).  For the strip reinforcements the distribution started 

from the center of the footing and then other strips were placed at equidistances 

from both sides. Compaction of the next layer of the fill material was followed 

and the procedure was repeated for all layers.  After placing the final layer of the 

soil. The footing was situated at the center of the container.  The vertical 

distance between the reinforcement was 0.25B for all samples.  Also the number 

Figure (4-20): Method of placing reinforcement and the compaction of next gypseous 

soil layer 
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of reinforced layer was 5.  The length of the reinforcement was chosen to be 5B, 

as used by Al-Jebouri 1986, Aswad 1989, Guido et al 1986 and Elamin et al 

1987. 

 

4.4.6 Laboratory Tests for Reinforced and Unreinforced Soil 

4.4.6.1 Dry Test 

After the situation of the footing on the surface of the gypseous soil, the 

dial gauges were fitted at their positions.  The applied load was recorded from 

the proving ring reading while the dial gauges measured the settlement.  The 

load was continuously applied through the hydraulic jack.  Six levels of stressed 

were applied (5, 10, 20, 40, 80 and 100 kPa). Settlement was recorded at the end 

of each stress level applied.  The period between each stress level was 15-20 

minutes until the settlement Dial gages reading fixed.  This test represents the 

initial settlement at each applied stress level. 

4.4.6.2 Soaking test 

At the end of dry test, the stress level was fixed at 100 kPa.  The water 

was fed from 80 liters water tank, as shown in Figure (4-21). 

Figure (4-21): 80-Liter capacity Water tank For  soaking and leaching test 
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The water level in the model was controlled by a water control system, to 

ensure that the model was fully soaked by water. 

At the first hour, there was considerable high drop in the stress applied by 

the jack, due to a high collapse settlement of gypseous soil. So it is not easy to 

control the stress at this period due to the high dissolution of gypsum.  For that 

reason it was decided to use the modified electrical motor jack that mentioned in 

the previous sections.  This modification improved the ability to control the high 

rate of collapse during soaking period, especially for unreinforced model. 

The test started by taking the dial reading at different periods with 

keeping the soaking pressure unchanged 100 kPa during the test.  The soaking 

test was continued for 3 days for each laboratory model 

 

4.4.6.3 Leaching Test 

   The leaching test was continued 10 days for each laboratory model test, 

started by opening the two drain valves at the lower part of the steel container.  

The filter material, which was placed at the bottom of the container, would help 

to infiltrate the washing total soluble salts, including the dissolved gypsum, 

without erosion of the soil particles.  The dial gauges reading was recorded at 

different period of leaching test. Also it was capable to find two leaching test 

parameters at the same time during leaching period.  The leaching process using 

the laboratory model may be more realistic than the ordinary leaching methods 

using odometer test, Rowe cell and triaxial cell.  The coefficient of permeability 

and the total soluble salts were measured easily by collecting the washed soluble 

salts in a graduated cylinder.  The leaching test technique and all measuring 

device used in this study are shown in figure (4-22).  
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4.5 Field Tests 

4.5.1 Location Decision 

The location of the site needed for carrying field tests was chosen near the 

Sodium Sulfate Factory, 29-km north west of Sammara city in Salah Al-Deen 

governate, which belongs to the General Company of Geological Survey and 

Mining in Iraq,  as shown in figure (4-23). 

 

Figure (4-23): The Sodium Sulfate Factory, 29-km north west of Sammara city and the 

region of carrying field tests 

All assistance and services needed for the field tests were presented in the 

site.  The gypsum content of this region was ranging between 60% and 70%.  

Three trial pits were excavated to a depth 1250-mm below natural ground level 

as mentioned before. A sample was taken from each trial pit.  The decision was 

made to carry all the field tests in the area near trial pit number 1 since it 

contains high gypsum percent and it is close to the location of the Sodium 

Sulphate Factory.  

 

 

 



121 

 

4.5.2 Footing Preparation 

1- A cylindrical container was cut from the bottom part to 200 mm height by 

a steel cutter as shown in figure (4-24). 

2- A grid reinforcement of -12 mm was prepared and placed at the lower 

part of the footing mold.  The reinforcement was placed at 2.5 mm from 

the lower part of the footing. 

3-  A Concrete with proportion of 1:1.5:3 (cement, sand and gravel) mix was 

used to form a reinforced concrete footing 450-mm diameter and 200 mm 

height.  The footing was cured for 7 days before carrying any test. 

4- Handles were welded to the footing from two opposite sides.  This 

method helped to hold the footing easily and place it at its position with 

the assistance of two workers. 

Figure (4-24): Preparation of footing framework, which was cut from the lower 

part of cylindrical container (300mm height and 450mm diameter). 
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4.5.3 Loading Frame 

2500 mm*3000 mm steel frame was designed in a manner that it works as 

a rectangular stand to hold 5 tons of reinforced concrete cubes placed at each 

corner, to ensure frame rigidity during loading stages. The general behavior of 

locally manufactured steel loading frame is shown in Figure (4-25). 

 

Figure (4-25): Locally manufactured steel loading frame which was used in all field-tests, 

with dimensions (2500 mm*3000 mm) 

 

4.5.3.1 Loading Frame Construction Technique 

The construction of the steel loading frame can be summarized in the 

following steps: 

1-  Four steel I sections with dimensions (300 mm web and 130 mm flanges 

and 10 mm thick) were cut, welded to each other from their ends to form a 

rectangular steel frame (2500 mm*3000 mm).  The corners of the frame were 

welded to additional 1500 mm steel sections in order to made a suitable base 
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for holding 2.5 tons of cubic concrete at each corner. The use of this method 

was very easy and more comfortable in the field tests since all materials and 

workers were available in the site close to the Sodium Sulfate Factory. 

2-  Lifting hooks were welded at each corner, to hold the whole frame by a 

crane and place it at testing location. 

3-  From the middle distance between the longest sides of the rectangular 

frame, two neighboring steel I sections were connected to each other by bolts 

and channel sections.  The central cannel sections were welded to the frame 

from the ends. 

4-  A thick steel plate with dimensions (200*300*20 mm) was perforated to 

4 openings at each corner and bolted at the central channels sections of the 

steel frame, as shown in figure (4-26).    

 

Figure (4-26): The construction of the steel loading frame which is presented two steel I 

sections and the connection of 25mm thick plate at the middle of the frame. 
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4.5.4 Loading Control System 

Since the area of footing was known, and the maximum applied load 

needed was < 2.5 tones.  So 5 tones capacity proving ring was comfortable for 

all field tests in this study.  The ring was connected to the thick plate and placed 

in the center of the loading frame using 4 bolts welded to the plate, which made 

it easy to fit the ring at its place.  A Jack that was used for heavy vehicles (5-

tone capacity) was connected to the proving ring, and from the other side it was 

connected to the footing as shown in Figure (4-27). 

 

Figure (4-27): The loading system presented by 5-tones capacity hydraulic 

jack connected to the proving ring. 

A wooden plate (5-mm thick and 100 mm diameter) was placed between 

the concrete footing surface and the base of the jack, to prevent damages of 
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concrete during load application.  The steel arm of the jack was elongated to 3m 

instead of the original length, 500-mm.  This will help to control the required 

pressure by small effort.  This modification was effective especially at the first 

20 minutes of soaking test. 

 

4.5.5 Settlement Reading 

Three dial gauges (0.01 mm sensitivity) were fitted to 3000 mm long 

wooden beam and fixed to the ground surface at the ends by steel nails.  The 

board was not in touch with the loading frame, in order to prevent any motion 

which may be produced durig loading stages.  The settlement dial gauges were 

placed at 3 sides of the footing.  The mean value of readings of three dial gauges 

was calculated.  This value represents the settlement of the footing at any 

applied stress. 

For rainy weather, high humidity may be expected.  This would effect the 

mechanism of dial gauges and other mechanical instruments.  So the motion of 

dial gauge was checked at each reading.  In addition, for soaking test, the raise 

of water fed from the tanks may cause wetting of the measuring system.  So 

three plates were welded at the surface of the footing to prevent the water to 

reach the dial gauges level.  It can be mentioned that the use of dial gauges in 

the site was preferable and easy to control because: 

1- One person without any additional assistance can record the dial gauge 

readings. 

2- The probability of error in this method was less compared with other 

methods used in the site because the data of readings were recorded directly 

without any additional calculation. 
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4.5.6 Soaking Control System 

Three steel tanks (3000-liter capacity) were fed twice a day by a tanker 

lorry (12000 liter capacity) which belong to the Sodium Sulfate Factory as 

shown in figure (4-28).  Fittings and control valves were fitted at the bottom of 

each tank, which were connected with each other by rubber tube.  The control 

valves were used to ensure continuous soaking of soil bellow the footing with 

keeping water level constant. 

 

Figure (4-28): Water feeding system presented by three water tanks, each one 120 liter 

capacity fed twice a day in soaking test. 

 

The rubber tubes were connected to single tube of 15 mm diameter, which 

was closed at its end.  The last 5 meters of the tube was perforated to ensure an 

equivalent feeding of water for the soil below the concrete footing as shown in 

figure (4-29).  The idea behind this special water feeding technique was to 

represent the worst case of the collapse that will happened to the foundation 

constructed on gypseous soil upon wetting. 
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4.5.7 Field Test. 

4.5.7.1 Preparation of Unreinforced Gypseous Soil Field Model. 

- All field tests were carried out on the area near trial pit No. 1 For S-1 soil near 

the Sodium Sulphate Factory in Salah Al-Deen governate. 

- 2500-mm diameter circle was assigned and a Poclain dug a hole to 1000 

mm depth and with the assistant of two workers, as shown in figure (4-30). 

- After digging the first hole and leveling the surface, a small circle was 

Figure (4-30): Preparation of unreinforced gypseous soil field 

model 

Figure (4-29): Soaking method by using perforated rubber tube 
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assigned in the center of the first one with 1000-mm diameter and dug to 

500-mm depth. 

- When the second circle was prepared, the soil surface was carefully 

leveled with the aid of steel straight edge. 

- The circular concrete footing (450-mm diameter, 200-mm height) was 

lifted by a crane and situated at the center of the hole. 

- A crane held the steel loading frame, with the aid of four lifting hooks.  

The frame placed carefully and in a manner that its center coincides with the 

center of hole as shown in figure (4-31). 

- The proving-ring was situated at the center of the girder of loading frame 

and connected to the frame by welded screws. 

Figure (4-31): Loading frame situated at the center of the tested pit with the aid of crane. 

 



128 

 

- The jack (3.5 ton) capacity was situated between the proving-ring and the 

concrete footing.  The road of the jack was placed at its position. 

- A wooden plate was placed between the footing surface and the jack to 

prevent damages of concrete during loading stages. 

- A wooden beam (80*200*3000 mm) was fixed to the ground by steel 

nails, to ensure good fixate of the dial gages during loafing. 

- Three dial gauges (0.01mm) sensitivity were fitted at the wooden beam by 

magnetic holders and fitted to the concrete footing at three different sides. 

- The testing pit was covered by (4000*4000 mm) nylon cover, to prevent 

the water reaching the testing pit and to ensure caring tests at the same 

conditions. 

- Three water tanks were placed near the testing hole during soaking test. 

 

4.5.7.2 Preparation of Reinforced Gypseous Soil Field Model. 

In the case of the unreinforced gypseous soil model, the model was tested 

at the same field density (14.6 kN/m
3
) so, no need for soil preparation and 

density control, but in the case of reinforced gypseous soil preparation, 

monitoring of density was achieved by the following method: 

- The entire circle of 1000 mm diameter was dug to 1250 mm depth. 

- The soil was mixed thoroughly with (9.3%) of water and kept in nylon 

bags, 7 days for saturation. 

- The soil was divided by weight to three equal quantities by weight. 

- For samples reinforced with three reinforcing layers, the interior side of 

hole and precisely the last 340 mm portion of the hole (0.75B), was divided 

to three equal spaces, each 0.25 B (112.5 mm).  This method was carried 

carefully to maintain field density as in the previous unreinforced field 

model. 
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- The first reinforcing layer was placed as shown in figure (4-32), and then 

the first quantity of soil, placed in the bottom of the hole.  The density of soil 

was controlled using a 15-kg falling weight steel hammer with continuous 

drops. 

 

Figure (4-32): Placement of the first reinforcing layer(plastic grid reinforcement). 

- After reaching the first recorded sign in the hole, the layer of soil was 

carefully leveled using the steel edge. 

- The second reinforcement layer was situated at its place. 

- The compaction of the next layer of soil was followed, and the same 

procedure was repeated with other layers. 

- After placing the last layer of soil.  The footing was situated at the center 

of the hole. 

- The same steps were followed as in the preparation of unreinforced 

gypseous soil field models. 

- All steps for construction of field model sample reinforced with three 

reinforcing layers are shown in figure (4-33). 

- For samples reinforced with one layer of reinforcement, the same 

procedure was followed, except that, after digging the tested pit with 1000 
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mm depth. The additional depth of digging was 112-mm (1000 mm+0.25B).  

After this the soil were kept and mixed with water.  The unique 

reinforcement layer was placed, then the wetted soil placed, leveled and 

compacted in the same manner as in the previous models as shown in figure 

(4-34). 
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4.5.8 Field Testing Method 
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- After placing the concrete footing and fixing all measuring device, the 

mechanical movement of the dial gauges was checked with time since high 

percent of humidity was recorded during field tests.  Some days, tests were 

carried out at rainy weather, and that would cause wetting and damage of the 

mechanical steel parts of the dial gauges.  So covering the field model with 

nylon was very important. 

- The efficiency of the hydraulic jack was checked before caring any field 

test.  The jack was placed between the footing and the fixed proving ring 

carefully and the initial reading of  settlement and pressure dial gauges were 

recorded. 

 

4.5.8.1 Dry Test 

- The concrete footing was subjected to high stresses level (reached 150 

kPa) that applied gradually, by moving the hand road of the hydraulic jack as 

shown in Figure (4-35). 

 

Figure (4-35): Gradual load application during the dry test of gypseous soil 

- The humidity and the temperature were measured during all tests. 
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- In the dry test, the dial gauge readings were recorded at each stress level 

after 10 minutes from the beginning of load application.  The stress was 

applied gradually (5, 10, 20, 40, 80 and 100kPa) as in the dry test for 

laboratory model samples, as shown in Figure (4-36). 

 

Figure (4-36): Dialgage readings were recorded at each increment of load 

applied by the hydraulic jack. 

 

- At 100 kPa stress, the dial read was recorded which represents the 

settlement of the field model before soaking stage. 

4.5.8.2 Soaking Test 

- Three water tanks (120*120*120 mm) brought to the site and placed close 

to the field models, as shown in figure (4-37).  These tanks were filled with 

water twice a day by tanker (15000 liter capacity) which was used in the 

factory. 
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- The quantity of water required for soaking test was controlled by the 

valves that were fixed at the lower part of the tank.  Each valve was 

connected to 12 mm diameter rubber tube. The water traveled through the 

rubber tubes and then through the openings that were made in the tubes to 

ensure continuous and feeding of water during soaking period. 

- The soaking pressure was observed for mean and while, to ensure that, the 

stress fixate at 100 kPa. 

- Dial gauges reading were taken with time (0, 2.5, 5, 10, 15, 20, 25,  

30min…to 28800min). 

- The measurement of the settlement was accompanied with the stress 

observation during the collapse stage.  Upon soaking for unreinforced model, 

sudden drop in the pressure gauge reading was observed due to continuous 

and high rate dissolution of gypseous soil under the footing.  So the pressure 

gage must be continuously observed with time and specially at the first hour 

of soaking test.  The stress along soaking period was kept at 100 kPa. 

Figure (4-37): Starting-soaking test of the field gypseous soil models by 

opening tank valves. 
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- After this test, the stress increased to 150 kPa, with continuous soaking of 

the soil with water.  Readings of settlement were recorded along 1440 

minutes at this level of stress, as shown in figure (4-38). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4-38): raising the applied stress to 150 kPa with continuous soaking of the 

soil bellow the footing 
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Chapter Five 

Field and Laboratory Results 

 

5.1 Introduction 

This work consists of conducting laboratory and field model tests for 

circular footing placed on reinforced and unreinforced gypseous soil.  The tests 

were directed to investigate the efficiency of reinforcement to improve the 

engineering properties of gypseous soils upon wetting and during leaching.  The 

effect of type, number of reinforcing layer, vertical spacing between layers and 

length of reinforcing layer were also investigated in this chapter. 

 

5.2 Establishing Testing Methodology 

Since there is no standard procedure for testing laboratory or field model 

footings resting on sandy soil of high gypsum content and since no clear cut is 

available on the properties and behavior of such soils, trial field and laboratory 

model tests under dry, saturation and leaching conditions were performed.  The 

first trial consisted of applying load increments gradually up to 100 kPa, each 

was left for a sufficient period of time until the rate of settlement reached 0.015 

mm per minute.  In this method each load increment will last at a different time 

interval which eventually will create problems in lengthening the period of test.  

Figure (5-1) shows a typical time-settlement relationship obtained for different 

load increments for laboratory and field dry models test.  To overcome this 

problem, another method was proposed and checked through a series of field 

and laboratory dry model tests, which were originally adopted from the ASTM: 

D 1143-81 "Constant Time Interval Loading''.  In this series, six model tanks 

were prepared at the field density 14.6 kN/m
3
, and moisture content 2.63%.  The 

results are presented in terms of applied load versus settlement for different time 

intervals.  The same procedure was followed for unreinforced field models. 
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These curves indicated that the time periods for applying the load within 

the range of (10 to 15) minutes fulfil test conditions. 

The above discussion shed the light on the proper period to be selected as 

a satisfactory time period for the testing of the model tanks.  A period of fifteen 

minutes was chosen as a fixed standard period.  This period was used in both 

laboratory and field model tests (dry tests). 

In the case of soaking and leaching test periods, the same procedure was 

followed for unreinforced field and laboratory models until reaching 100 kPa 

soaking stress.  The soaking test was continued to 20 days for both laboratory 

and field models, as shown in figure (5-2).  It can be seen that the soaking 

settlement occurs within three days, for S-1 soil.    While for the leaching test, 

which was carried on laboratory models only, the leaching period was 10 days.  

This period was chosen for all reinforced and unreinforced laboratory model 

samples for comparison.  In fact, leaching time for unreinforced model 

continued more than 30 days, as shown in figure (5-3).  About 70 % of the 

leaching settlement were gained after 10 days of continuous leaching for 

unreinforced laboratory model.  So this period was chosen to compare the 

behavior of reinforced and unreinforced Gypseous soil at this state of stress.  All 

stages for time-S/B curves for both field and laboratory unreinforced models are 

shown in figure (5-4).  These results were obtained from 11 preliminary long 

period tests on field and laboratory models using S-1 soil. 
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5.3 Effect of Gypsum Content on the Behavior of Gypseous Soil 

Figure (5-5) illustrates a plot of load versus deformation ratio for two 

laboratory models tested at field density (14.6 kN/m
3
).  The first soil with 

gypsum content (70%) brought from Al-Doar region (S-1 soil) and the second 

soil with gypsum content (47%) brought from Balad region (S-2 soil).  Figure 

(5-6) shows the time-S/B curves for all states of test, dry, soaking and leaching 

for S-1 and S-2 soils with different gypsum content.  In the dry test, more 

deformation was observed for S-1 compared with the deformation ratio obtained 

from S-2.  This may be due to the loosening of the first soil due to high gypsum 

content (70%), which caused decreasing the friction area between soil particles 

and decreasing the friction stress of soil particles specially when gypsum percent 

more than soil.  In addition to that, it may increase the ability of soil structure to 

roll and slide and deform to a new structure.  It can be seen from figure (5-6) 

that there is a rapid increase in deformation especially at the first hour of 

soaking S-1 soil.  This may due to the high dissolution rate of gypsum in the soil 

structure at that period, that exhibiting a metastable structure.  While S-2 

exhibited less deformation due to high friction resistance between particles 

which was not highly affected by the dissolution of gypsum material as in the 

first model.  S-2 showed a slight increase in the deformation ratio after 48 hours 

of soaking test and reach to a negligible value of deformation.  On the other 

hand further and continuous deformation occurred after 48 hours for S-1 due to 

continuous dissolution of gypsum after that period.  At the end of soaking test, 

the generated settlement for S-1 soil was greater about 6 times the generated 

settlement for S-2 soil, at fixed soaking stress (100 kPa). 

For the leaching test carried on the two soils, Generally it was observed 

that there was slight increase in the value of the deformation ratio during the 

first day of leaching test, as shown in figure (5-6).  The curve became sharper 

after this period especially for S-1.  This behavior may denote to the high rate of 
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washing of gypsum particles, which occurred after a day of leaching beginning, 

and re-orientation of soil particles occurred during this state.  The behavior of 

leaching time-S/B curves for S-1 and S2 may be attributed to the continuous 

dissolution of gypsum which takes place after 3 days of soaking period.  The 

concentration of dissolved salts remained temporary constant after three days 

soaking and so no additional dissolution of gypsum occur and the settlement 

remain constant within three days of soaking.  Some salts, which are adhesive to 

the soil particles, remain undissolved or semi dissolved due to unchange in the 

salt percent of water inside the saturated sample.  At the beginning of leaching 

process, the concentration of dissolved slats for the seepage water inside the 

sample, reduced with time and that will allow the residual undissolved slates to 

dissolve with continuous leaching process.  This process terminated until the 

equilibrium state occurred between the salt percent of the seepage water inside 

the sample with that of the washing water out of the tested model. 

 

5.4 Behavior of Unreinforced Field and Laboratory Models  

Field and laboratory model tests were conducted on S-1 soil near the 

Sodium Sulphate Factory in Al-Doar region in Salah Al-Deen governate. All 

tests were carried at the same field conditions, 14.6 kN/m
3
unit weight, (2.6%) 

water content and (G.C=70%).  These tests were very important as a reference to 
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measure the degree of improvement gained after introducing any type of 

improvement.  Figure (5-7),(5-8) represents the relationship between the applied 

stress and the deformation ratio (S/B).  Three segments can be identified for 

untreated sample curves.  The first one represents the deformation of the soil at 

dry state.  The second segment which represent the drop of the deformation ratio 

curve that occurred due to the collapse of the sample as the water percolation 

begins.  The last segment represents the effect increasing the load to 150, 200 

and 250 kPa. 

At the dry test, the stress was applied in 15 minutes intervals.  The 

corresponding settlement was taken after that period from stress application, as 

shown in figure (5-8).  The results show considerable convergence for 

laboratory curve compared with field one.  It can be seen also that the rate of 

strain increased linearly with increasing applies stress.  At the end of dry state of 

loading, the deformation ratio was (1.89%) for unreinforced field model, and 

(5.8%) for the laboratory model, tested at 100 kPa applied stress and at the same 

field conditions. 

The soaking test begun by feeding water from the water tank connected to 

the field and laboratory-testing models.  This method continued until full 

soaking of the sample occurred.  The soaking test for laboratory model 

continued to three days, while for field model it continued for 20 days.  Rapid 

increase in the deformation ratio was observed especially at the first hour of 

soaking test for both field and laboratory models.  This rapid and hardly 

controlled settlement was developed due to the loosening of the cementing 

bonds between the individual soil particles and that will lead to the orientation 

of the soil particles, followed by a slower rate of deformation developed during 

the rest of soaking period.  At the end of soaking test, the S/B value reached 

(32.73%) in the case of unreinforced laboratory model, and (3.66%) for 

unreinforced field model.  These observations are in close agreement with that 

presented by Al-Barzangi 2003. 
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After 3 days soaking, the pressure remained constant at 100 kPa and the 

head of water was fixed to the recorded level for continuous leaching of the 

laboratory models using 120-liter capacity water tank.  The leaching test began 

by opening the valves at the bottom of the cylindrical testing model.  High rate 

leaching was observed during the first 2 hours.  This behavior may be attributed 

to the high dissolution rate of gypsum, which is the result of late dissolution of 

the residual undissolved gypsum from the previous soaking state due to the 

reduction of the percent of saline water after the first 2 hours of leaching 

process, as mentioned previously this state followed by a slight to moderate rate 

of leaching period which continued 24 hours.  This state followed by another 

high rate of gypsum dissolution until reaching a negligible value of settlement 

after 10 days of continuous leaching process.  The deformation ratio for 

unreinforced laboratory model after 10 days leaching, at 100 kPa, reached (8.02 

%).  In this case the compressibility caused by leaching are not less dangerous 

than that caused by soaking, for unreinforced laboratory gypseous soil models, 

as mentioned by Al-Saoudi et al 2001. 
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5.5 Effect of Type of Reinforcement on the behavior of Field and 

Laboratory Models  

The aim of this section is to show the suitability of different materials and 

their efficiency in reducing the collapsibility of gypseous soil.  Several types of 

the most commonly used and locally available materials were selected for this 

purpose.  The effect of number and length of reinforcing layer were also 

investigated. 

 

5.5.1 Plastic Grid Reinforcement 

Similar to the unreinforced model the load increments were applied 

gradually up to 100 kPa.  Figure (5-9) and (5-11) shows the relationship between 

the applied stress and deformation ratio for reinforced and unreinforced, field 

and laboratory models with three reinforcing layers of plastic grid reinforcement 

tested at the same conditions (14.6 kN/m
3 
field density, n=3, d=0.25B and l=5B).  

When the soil was dry the final deformation ratio for the reinforced laboratory 

model at 100 kPa reached (2.18%), while it was (1%) for the reinforced field 

model with three reinforcing layers.  This development in deformation ratio 

occurred at moderate rate compared with the unreinforced field and laboratory 

models tested at dry state.  In the beginning of feeding water to the model and 

starting soaking test, the deformation ratio increased in steeper rate for both 

reinforced field and laboratory models compared to the previous dry state as 

shown in figure (5-10) and (5-12).  The deformation ratio reached to S/B=0.37% 

for reinforced field model and S/B=3.59% for reinforced laboratory model with 

three layers of plastic grid after 90 minutes soaking.  Following that time, the 

rate of development tends to decrease gradually with time and reached a value 

of S/B=0.53 % for the reinforced field model and S/B=4.28% for the reinforced 

laboratory model after 24 hours of soaking.  It is worth to mention that at this 

period of time, wet patches were observed on the surface of soil.  After 24 hours 

of soaking the influence on the deformation ratio was rather marginal and only a 
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slight increase was observed; unchanged value for the reinforced field model 

(0.53%), and from 4.28% to 4.52%  for the reinforced laboratory model after 48 

hours of soaking.  The deformation continued at a very small rate.  After this 

period the deformation was not affected and continued at the same rate until 

reaching reaching three days soaking where a value of S/B=0.74% was recorded 

for the reinforced field model with three layers of plastic grid reinforcement and 

S/B=5% for the reinforced laboratory model reinforced with three layers of 

plastic grid reinforcement. 

It can be seen that the presence of plastic grid reinforcement has 

substantially reduced the deformation ratio during the different stages.  At the 

end of dry stage just prior to feeding the water and starting soaking, the 

deformation ratio reduced from (5.8%) for the unreinforced laboratory model to 

2.18% for the reinforced one giving to a reduction percent in deformation ratio 

about 62%, while the reduction percent was 47% for the reinforced field model.  

At the end of soaking test the deformation ratio was reduced from 32.73% for 

the unreinforced laboratory model to 5% for reinforced one giving a reduction 

percent 85%, while the reduction percent was 80% for the reinforced field 

model.  It can be seen that the efficiency of the plastic grid reinforcement 

reached its maximum value at the worst wet condition, when the full bed of soil 

was immersed in water. 

RP (Reduction Percent)=100 - (S/Breinforced model) / (S/B unreinforced model)*100 

The leaching test which was carried for reinforced and unreinforced 

laboratory models only, started by opening the valves that was fitted at the 

bottom of the steel container.  At the beginning of test high rate of deformation 

was recorded for unreinforced model, as shown in figure (5-10).  This may 

denoted to the pressure release for the confined water inside the steel container 

which was collected during the previous soaking state, which accelerate the 

leaching process of the residual undisolved gypsum, when opening the valves.  
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It can be seen that, about 50% of the leaching settlement occurred during the 

first 2 hours of leaching test for both reinforced and unreinforced laboratory 

models.  The leaching settlement continued but at very slow rate.  For 

unreinforced model the leaching curve was sharper than that for reinforced 

model with three layers of plastic grid reinforcement after exceeding 24 hours of 

continuous leaching.  The leaching process for the laboratory model continued 

for 10 days after this period, little difference in the deformation ratio was 

recorded, but in the case of real models this process may continue for along 

time.  The presence of plastic grid reinforcement presented like an interior 

cousin that works as protection agent which prevent the collapse behavior of 

Gypseous soil upon wetting, in addition to the ability of this type of 

reinforcement to increase the friction force and adhesion with soil particles.  

After 10 days of continuous leaching the deformation ratio reached to S/B= 

2.1% for reinforced laboratory model with three layers of plastic grid 

reinforcement, and S/B=8.02% for unreinforced laboratory model.  So a 

reduction percent of 74 % in deformation ratio, was gained when reinforcing 

Gypseous soil model with three layers of plastic grid reinforcement.  These 

results encourage us to use this type of reinforcement in the site successfully in 

addition to that it is easy to handle and input at the required place without any 

effort.  
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5.5.2 Mats of Reed Reinforcement 

Field and laboratory gypseous soil models, were reinforced with locally 

manufactured mats of reed.  Reed materials was brought from south of Iraq and 

manufactured according to the need of this study.  All field and laboratory tests 

were carried at the same conditions, d=0.25B, l=5B and unit weight=14.6 

kN/m
3
.  The reed mat was treated with asphalt before it laid in the soil bed.  This 
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material worked as a binder between the mat parts in addition to its efficiency to 

keep the reed material from the bacteriological effect when soaked with water.  

The field model was reinforced with 0ne layer of reed mat material, while the 

laboratory model reinforced with 5 layers of this reinforcement material. 

In the dry test, load increments were applied gradually up to 100 kPa 

similar to the unreinforced field and laboratory models.  Figure (5-13) and (5-

15) show the relationship between the applied stress and deformation ratio for 

dry and wet conditions for laboratory and field model reinforced reinforced with 

n=5 and n=1 respectively, and curves of unreinforced field and laboratory 

models for comparison purposes. In the dry test, the final deformation ratio at 

100 kPa stress, reached to a value of S/B=1.68% for field model reinforced with 

one layer of reed mat reinforcement, and 4.31% for reinforced laboratory model 

with five layers of this material.  This developed deformation ratio occurred at 

moderate rate.  Immediately after the water fed to the laboratory and field 

models, the deformation ratio started to increase at a steeper rate as shown in 

figures (5-14) and (5-16).  After one day soaking rapid increase in the 

deformation ratio was occured, the (S/B=2.19%) for the field model, and 

(10.97%) for laboratory model.  This may be consider a high rate of collapse 

compared with the previous model, and causes severe problems.  So this method 

of improvement may consider ineffective to improve the collapsible problem of 

gypseous soils at soaking condition.  The deformation ratio reaches to 

(S/B=2.35%) for field model reinforced with one layer of Reed mat, and 

(S/B=11.5%) for laboratory model reinforced with five layers of the same 

material after 48 hours.  At the end of soaking test for the field and laboratory 

models the S/B values are 3.24% and 12.03% respectively. 

At the end of dry state, the S/B value decreased from 1.89% for the 

unreinforced field model, to 1.68% for reinforced one, giving a reduction 

percent in deformation ratio 11%.  While the reduction percent for the 

laboratory model was 26%.  At the end of soaking test, the deformation ratio 
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was reduced from 32.73% for unreinforced laboratory model to 12.03% for 

reinforced laboratory model with five layers of reed mats, giving a reduction 

percent of 26%.  In the case of field model, the reduction percent for soaking 

test was 12%. 

The leaching test was carried only for unreinforced and reinforced 

laboratory models with 5-layer reed mats reinforcement as shown in figure (5-

14).  The test system was the same as in the previous model.  The leaching test 

began after 3 days soaking test, by opening the valves at the bottom of 

laboratory steel container.  The leaching time was recorded, the settlement was 

recorded at each time interval.  At the first period of leaching test the 

deformation ratio for reinforced laboratory model with 5 layers of reed mats was 

increase at a moderate rate compared with the unreinforced model and reached a 

value of S/B =0.76% after 24 hours of continuous leaching.  After 10 days 

leaching the deformation ratio S/B for reinforced model with 5 layers of mats of 

reed reinforcement was 2.41%.  These results gave a reduction percent in the 

deformation ratio 70% for leaching state 

As can be seen from the results.  The use this type of reinforcement was 

ineffective to improve the collapsible behavior of gypseous soil, especially at 

soaking state and for models reinforced with one layer of reed mat 

reinforcement.  While for leaching state this type present a moderate 

improvement material 
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5.5.3 Nylon Strips Reinforcement 

Similar to the unreinforced test carried on laboratory and field models, the 

load increments were applied gradually up to 100 kPa, in the same manner as 

mentioned before.  Figures (5-17) shows the relationship between the applied 

stress and deformation ratio in dry, soaking and leaching conditions for 

laboratory models reinforced with nylon strips reinforcement, tested at the same 
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conditions: n=5, l=5B, d=0.25B, S-1 soil with G.C=70% and 14.3 kN/m
3 

unit 

weight.  The curve of unreinforced model was drawn for comparison purposes. 

Figure (5-18) shows the relation between  time and deformation ratio S/B 

% For unreinforced and reinforced Gypseous models with five layers of nylon 

strips reinforcement Tested at dry, soaking and leaching conditions.  When the 

soil was dry, the final deformation ratio for laboratory model reinforced with 

nylon strips was (S/B=3.25%).  This developed deformation ratio occurred at 

lower rate than the previous reinforced sample with reed mats.  This may 

attribute to the high friction resistance of soil particles with nylon strips surface 

due to high frictional area. 

When the water fed to the sample, the deformation ratio increased at slow 

rate at the first hour of soaking test.  This behavior may attributed to, late 

dissolution of gypsum material inside the gypseous soil because of the presence 

of nylon strip layers which acts as a  temporary water proof layer that prevents 

the water to infiltrate easily between the soil particles, compared with the 

unreinforced one which has sharp curve in this state.  At the first 50 minutes of 

soaking, the deformation ratio for reinforced model was moderate increasing.  

Substantial increase was observed after 90 minutes and the value of (S/B=6%).  

This state was followed by a low rate of deformation that reaches (S/B=7.9%) 

after two hours of soaking.  After one day the deformation was little affected 

and continued in the same rate and reached to a value of (S/B=8.37%).  At the 

end of soaking test the value of S/B=9.94% which gives a reduction percent 

(70%). 

The third portion of the time-S/B curve presented by 10 days leaching 

test.  At the first portion of leaching curve and specially 15 min from opening 

the drainage valves, low values of deformation were recorded, compared with 

others reinforced laboratory models. This behavior may referee to the delayed 

collapse which is the result of late dissolution of gypsum particles because of the 

presence of nylon layers inside the gypsies soil bed, which works as water proof 
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membrane that temporary prevents the seeped water to infiltrate easily through 

Gypseous soil.  After this period of leaching the collapse continued at higher 

rate.  After one day of continuous leaching, the S/B=0.62 %, after this the 

leaching curve for the reinforced model became sharper and the deformation 

increased at high rate.  The effect of high dissolution of the residual undissolved 

gypsum from the previous period of leaching, the footing continued to settle.  

After 10 days leaching, the deformation ratio for the reinforced laboratory model 

with 5 layers of nylon strips reinforcement was 3.42%, while for unreinforced 

model the deformation ratio reaches 8.02%.  So this gives 57% reduction 

percent in deformation ratio. 

 

 

 

 

 

5.5.4 Fine Wire Mesh Reinforcement 

In this model test, the reinforcement used was fine wire mesh, the reason 

behind using this type of reinforcement material, its locally manufactured 

material which are using for many purposes.  In addition to that it is easy to 

handle and cut and form at any shape.  Similar to the unreinforced model test, 
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the load increment was applied gradually up to 100 kPa.  Figures (5-19) shows 

the relationship between the applied stress and the deformation ratio in dry, 

soaking and leaching conditions for laboratory model reinforced with 5 layers of 

fine wire mesh reinforcement following this state, increasing the applied stress 

higher than 100 kPa, in addition to the curve for unreinforced laboratory model, 

for comparison purpose. 

At dry condition low deformation ratio values were recorded for 

reinforced model compared with others reinforced models which may be the 

best type of reinforcement in the dry condition, this result coincides with that 

obtained by Al-Jebouri 1986 who showed that this reinforcement type was the 

best one in increasing the bearing capacity and reducing the settlement of dry 

sand. The deformation during the dry portion of the deformation ratio curve 

increased at slow rate of development during the period of dry test.  This 

development of deformation may attributed to the crush of gypsum materials 

adhesive to the soil particles. At the end of dry test at 100 kPa stress, the 

deformation ratio reached (S/B=2.57%). 

When the water fed to the reinforced model, the deformation ratio started 

to increase at moderate rate compared to the previous dry state as shown in 

figure (5-20) which presents the time S/B% relation for reinforced and 

unreinforced laboratory models with 5 layers of nylon strips reinforcement.  The 

deformation ratio reached a value of (S/B=6.5%) at the first day.  After two days 

of soaking the curve was steeper and the deformation ratio reached (S/B=6.9%).  

This slow development of deformation was related to the reinforcement used, 

which may referee to the high friction resistance between the reinforcement 

material and soil particles that helped to increase the bonds of soil skeleton and 

reduce the collapse of gypseous soil in spite of the continuous dissolution of 

gypsum materials inside the soil.  

It can be mention that the presence of fine wire mesh reinforcement had 

reduce the quantity of seepage water that infiltrates through gypseous soil 
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particles, especially at the final states of leaching process, because when the soil 

layer that laid over the reinforcement, removed after the end of leaching test and 

inspecting the reinforcement layers out side the tested model, a thick layer of 

wetted soil  (approximately 7.5 mm) was stuck to reinforcement surface from 

the two faces.  The idea behind this behavior may attributed to the lock of the 

fine openings of the reinforcement material with time because of the exclusion 

the migration of some soil particles and gypsum particles which are undissolved 

in water that tries to infiltrate through these openings.  So an accumulative 

waters proof layer that struck to the reinforcement, wold occurs.  This 

waterproof layer effected the leaching process which carried on the reinforced 

model after three days soaking state.  The deformation ratio was recorded after 

10 days leaching S/B=2.58%.  This type of reinforcement giving 68% reduction 

percent in deformation ratio related to the unreinforced model.  Despite of high 

reduction percent of the deformation of fine wire mesh reinforcement at all 

stages, this type of reinforcement was considered as useless type, because of the 

high oxidation rate that occurred to the steel iron which causes the corrosion and 

weakening of its part which reduces the tensile stress of reinforcement wetting 

gypseous soil containing this type of reinforcement. In addition to that the 

presence of calcium salts increases the corrosion rate and this may cause damage 

in the reinforcement with time, and increasing the tendency of collapse of 

gypseous soil. 
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5.5.5 Stainless Steel Grid Reinforcement 

Figure (5-21) shows the relationship between the applied stress versus 

deformation ratio S/B plotted in an ordinary scale.  The figure covers the use of 

reinforced model with five layers of stainless steel grid in addition to the curve 

for unreinforced model for comparison purposes. In this model test, the effect of 

reinforcement was investigated at dry, wet conditions in addition to the effect of 

leaching on the deformation ratio.  At dry state the figure shows a marked 

increase in the S/B with increasing stress level, which reached S/B= 2.07 % at 

the end of dry test at 100 kPa stress.  This value of deformation ratio was 

considered low value compared with the unreinforced model, that giving 64 % 

reduction percent in deformation ratio.  This type of reinforcement demonstrates 

the high efficiency of this reinforcement type to reduce the deformation ratio at 

this state of test.  In soaking test which continued three days, the deformation 

ratio developed at slow rate and there was no drop in deformation ratio with 

starting feeding the water, compared with that happened in the previous models 

as can be seen in the time-S/B% relation between reinforced and unreinforced 

laboratory models with stainless steel reinforcement which presents in figure (5-

22).  The deformation ratio reaches S/B=1.26% after one day soaking.  With 

proceeding the soaking process, little difference in the deformation ratio was 



156 

 

pronounced, and the rate of deformation leveled off with time.  After three days 

of soaking test the deformation ratio reached 1.53 % and giving 95% reduction 

percent in deformation ratio at the end of soaking state. 

At the leaching state, very slow rate of deformation for reinforced model 

with five layers of stainless steel reinforcement was observed at the first 2 hours 

of opening drainage valves and starting the leaching test.  The deformation ratio 

at this period of time reaches 0.17 %. Linear relation was observed between the 

deformation ratio and the leaching time after proceeding the test.  After 24 hours 

of leaching the deformation ratio was 0.38 % and reaches a value of 0.48 % after 

two days of leaching test which is little compared with other reinforced models 

tested at the same leaching period.  After this time a negligible value of S/B was 

recorded.  At the end of leaching process, the value of the deformation ratio was 

S/B=0.8%.  This gives about 90% reduction in deformation ratio at the end of 

leaching.  The successful solution of collapse problem for gypseous soil fulfilled 

by the use of stainless steel reinforcement material.  The stainless steel 

reinforcement was high effective type in reducing the collapse of gypseous soil 

at the three states of model test, compared with the unreinforced model and with 

other reinforced models tested at the same conditions.  In addition to that, the 

metal of this type was less susceptible to corrosion which is the result of high 

salt content.  Inspite of the higher efficiency of this type of reinforcement in 

improving the collapse problem of gypsies soil compared with the other used 

types of reinforcement, the use of this type of reinforcement was coast (reaches 

2000 ID/m
2
), in addition to that we must take in to consideration weather this 

type is workable, easy to handle or manufacture.  All these factors make the 

plastic grid reinforcement more effective and fulfill building requirements by 

reducing the collapse settlement with high workability.  The plastic grid material 

is very easy to manufacture in Iraqi factories specially the row materials are 

available. 
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5.5.6 Summary of Results 

Table (5-1) and (5-2) summarize the laboratory and field results for 

models reinforced with 5 types of locally manufactured reinforcement material.  

All tests were carried at the same conditions: n=5, l=5B, d=0.25B, dry 

density=14.6kN/m
3
, initial moisture content=2.63%. 

 

 

Table (5-1): Summary of main results on the effective type of reinforcements for field 

models tested at 100 kPa stress level, n=1, d=0.25B, l=5B, unit weight 14.6 kN/m
3
 

Reinforcement type 

S/B and RP% at 100 kPa dry, soaking (field tests) 

Dry test Soaking 

S/B% RP% S/B% RP% 

Unreinforced model 1.891% - 3.67% - 

Plastic Grid 1.34% 29% 1.71% 53% 

Mat of Reed 1.68% 11% 3.24% 12% 
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Table (5-2): Summary of the main result on the effective type of reinforcement for 

laboratory models, n=5, l=5B, d=0.25B, unit weight=14.3 kN/m
3
 

Reinforcement 

type 

S/B and RP% at 100 kPa (laboratory tests) 

Dry test RP

% 

Soaking RP

% 

Leaching RP

% 

Unreinforced model 5.8% - 32.73% - 8.02% - 

Plastic Grid 1.77% 70% 3.51% 89% 1.78% 78% 

Mat of Reed 4.31% 26% 12.03% 63% 2.41% 70% 

Nylon strips 3.25% 44% 9.94% 70% 3.42% 57% 

Fine Wire Mesh 2.57% 56% 7.15% 78% 2.58% 68% 

Stainless Steel Grid 2.07% 64% 1.53% 95% 0.8% 90% 

 

Figure (5-23) and (5-25) shows the Stress-S/B relation for unreinforced 

and reinforced laboratory and field models respectively.  While figures (5-24) 

and (5-26) investigate the time-S/B relationship for unreinforced and reinforced 

laboratory and field models with 5 types of locally reinforcement materials, with 

n=5, l=5B, d=0.25B, dry density=14.6 kN/m
3
, initial moisture content=2.63%. 
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5.6 Effect of Number of Layers on the Collapsibility of Gypseous 

Soil 

To study the effect of number of reinforcing layers on the behavior of 

gypseous soil, a series of field and laboratory model tests were conducted under 

the same field conditions (dry unit weight=14.6 kN/m
3
, l=5B, S-1 soil, 

G.C=70%, initial moisture content=2.63%) with different number of reinforcing 

layers (n=1, 3, and 5).  The plastic grid reinforcement was chosen for all field 

and laboratory models because of high efficiency and low coast, high durability, 

in addition to that it is easy to construct in the field.  The depth of reinforcement 

layers was fixed for all tests and chosen to be d=0.25B, this depth represents the 

effective value as mentioned by (Binquet and Lee 1975a, Holts and Harr 

1983).   All tests were applied using circular footing.  Figure (5-27) and (5-29) 

shows the relationship between the applied stress and the deformation ratio for 

both field and laboratory models.  It can be seen that the deformation ratio was 

greatly decreased by the presence of the reinforcement, in addition to that, the 

number of reinforcing layers appear to have a profound effect on the 
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deformation ratio value especially in soaking and leaching period.  The 

deformation ratio for both field and laboratory models at soaking and leaching 

tests for samples reinforced with different number of plastic grid reinforcement 

layers, were presented in Table (5-3).  There was clear significant stiffening of 

the reinforced models with various number of layers which presented by the 

stress-S/B curves when compared with that for unreinforced gypseous soil 

model.  This may was presented by the small settlement of the reinforced 

gypseous soil compared with that of unreinforced one, at the same test 

conditions.  By comparing the results of unreinforced model with that of models 

reinforced with different numbers of plastic grid, for both field and laboratory 

models, it can be seen that the presence of single layer of reinforcement has 

substantially reduced the deformation ratio during different stages of test.  At the 

end of dry state, just prior feeding water to the model, the deformation ratio for 

field model was reduced from (1.89%) for the unreinforced model to (1.34%) 

for the reinforced one with single reinforcing layer, giving a reduction percent in 

deformation ratio about (30%).  At the end of soaking the deformation ratio for 

field models was reduced from (3.67%) for unreinforced model to (1.71%) for 

reinforced model with one layer of plastic grid reinforcement, giving (53%) 

reduction percent in the deformation ratio.  This method was applied for all field 

and laboratory models with different reinforcing layers.  The time S/B 

relationship for unreinforced and reinforced laboratory and field models with 

various numbers of plastic grid reinforcement are shown in figures (5-28) and 

(5-30). 
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Table (5-3): Effect of number of layers on the compressibility of gypseous soil. 

Number of 

reinforcing 

layers 

Reduction percent 

for dry test % 

Reduction percent 

for soaking % 

Reduction percent 

for leaching % 

field laboratory field  laboratory laboratory 

1 30% 56% 53% 80% 70% 

3 48% 62% 80% 85% 74% 

5 - 69% - 89% 78% 
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The amount of improvement in the deformation of gypseous soil was 

expressed in terms of reduction percent (RP).  It is obvious that a significant 

increase in (RP) occurred at soaking test for both field and laboratory models 

reinforced with three layers of plastic grid reinforcement. At soaking test, 80% 

and 85% reduction percent of S/B value, was maintained for field and laboratory 

models reinforced with three layers of reinforcement, tested at wet condition.  

When the reinforcing layer exceeded three, little increase in the (RP) was 

pronounced and the reduction percent for samples with five reinforcement layers 

laboratory model was (89%) at the end of soaking test.  This small difference in 

the reduction percent may attributed to the little portion of the stress transferred 

below the total thickness of five layers (in this case 1.25B).  This coincides the 

basic theories in soil mechanics, which indicates that, a great reduction of stress 

occurs at a depth more than the width of footing.  This conclusion disagrees with 

the results of Binquet and Lee 1975a, who showed that "a significant 

improvement for reinforced sand up to six layers for sandy soil.  On the other 

hand for leaching test, it was observed that there was a significant effect of 

number of layers to increase the (RP) for leaching state, and the use of one layer 

of reinforcement was most applicable in reducing the collapsibility of gypseous 

soil with (70%) reduction percent in S/B value at the end of laboratory leaching 

test compared with using five layers of reinforcement that gave (78%) reduction 

percent in deformation ratio which is little different compared with the model 

with one reinforcing layer. 

 

5.7 Effect of Length of Reinforcement on the collapsibility of 

Gypseous Soil Laboratory Models 

To recognize the effect of length of reinforcement on the behavior of 

reinforced gypseous soil, a group of dry, soaking and leaching tests were 

conducted on circular footing, using plastic grid reinforcement, to investigate the 

trend of collapse settlement and the behavior of gypseous soil under different 
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stress levels using L=3B and L=5B (where L=length of reinforcing layer).  It 

was decided to use one reinforcing layer for comparison purpose.  The vertical 

spacing (or thickness of reinforcing layer) was expressed with respect to the 

footing width (B) the length of reinforcing layer was changed with respect to the 

footing width and compared with the results of unreinforced sample.  Other 

parameters were set constant.  The stress-deformation ratio relationships for 

laboratory models are shown in figures (5-31).  While figure (5-32) shows the 

time-S/B relation for dry, soaking and leaching states for laboratory model 

reinforced with single layer of plastic grid reinforcement.  All tests were carried 

at the same conditions: n=1, d=0.25B, dry density=14.6 kN/m
3
, initial moisture 

content=2.63%.  The results showed that the deformation ratio was significantly 

decreased with the increase of length of reinforcing layer.  The figures shows the 

curve of unreinforced gypseous soil model with the results of models reinforced 

with one layer of plastic grid reinforcement, using different lengths of 

reinforcing layers.  It can be seen that there is clear stiffening in the stress-

deformation ratio curves when the length of reinforcing layer increased and the 

reduction percent in the deformation ratio was more pronounced in the case of 

L=5B.  At the end of dry state just prior feeding the water, the deformation ratio 

was reduced from (5.80%) for the unreinforced model to (2.02%) for the 

reinforced one with L=3B giving (65%) reduction percent in deformation ratio.  

While for the second model reinforced with (L=5B) the reduction percent in 

deformation ratio was (70%).  At the end of soaking test the deformation ratio 

was reduced from (32.73%) for the unreinforced model to (13.1%), for  model 

reinforced with L=3B giving a reduction percent of (60%).  On the other hand 

the second model which was reinforced with L=5B, giving (80%) reduction 

percent in deformation ratio in soaking test, which can be consider the most 

effective length of reinforcing layer.  The reduction percent in deformation ratio 

for laboratory leaching test for models reinforced with single layer of plastic 

grid reinforcement with different lengths of reinforcement: L=3B and L=5B, are 

(54%) and (68%) respectively. 
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In the case of soaking and leaching tests when the length of reinforcement 

layer was 5B, the reduction percent was increasing about 1.3 times that for 

model reinforced with L=3B, tested at the same conditions as shown in table (5-

4).  It is worth to mention here that, the effect of length of reinforcement was 

more pronounced during soaking and leaching tests rather than in the dry test.  

This conclusion indicated that the behavior of gypseous soil was more effective 

by increasing the length of reinforcing layer, and the effective length of 

reinforcement was (5B) for that testing conditions.  Bellow this number, little 

improvement could be gain. This result does not agrees with the results of 

Mahmoud et al, 1989.  They found that the optimum length of reinforcement 

was (3B) but in dry condition. 

 

Table (5-4): The effective length of reinforcement for laboratory models using n=1, 

d=0.25B, unit weight=14.6 kN/m
3
 and initial moisture content=2.63%. 

Length of 

reinforcement 

REDUCTION PERSENT% 

Dry test Soaking Test Leaching Test 

3B 65% 60% 54% 

5B 70% 80% 68% 
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5.8 Behavior of Gypseous Soil during Laboratory Leaching 

Process  

5.8.1 General 

Figure (5-33) to (5-40) shows the relationship between the coefficient of 

permeability and total soluble salts, with leaching time for different variables 

(effect of gypsum content, effect of type of reinforcement, effect of number of 

layers and the effect of length of reinforcing layers on the leaching behavior of 

gypseous soil).  All models were tested at constant applied leaching stress 100 

kPa, during 10 days continuous leaching using the laboratory model.  It can be 

seen that the coefficient of permeability varies with time and fluctuates in a 

randomly descending order until reaching steady state condition.  In general for 

all tests and at the beginning of leaching test, high values of permeability were 

pronounced.  It can be seen that, the coefficient of permeability (k) and the total 

soluble salts (TSS) values were reached a constant value after 10 days leaching.  

In addition to that, low rate of deformation ratio was pronounced in the stress-

deformation ratio curves at this period especially for reinforced models, which 

indicated the end of leaching process.  On the other hand, the steady state 

condition for the soil tested by the odeometer cell or triaxial cell, was occurred 

after approximately 18 hours (1080 minutes) of continuous leaching, as 

mentioned by Zakarea (1995).  This difference in the time required for leaching 

process may be due the large size of the used model compared with that on the 

other ordinary  small laboratory cells.  This conclusion lead to the fact that the 

time required for leaching to occur was very long for large thickness bed of 

gypseous soil and the dangerous due to soaking was larger than that due to short 

time leaching.  But if the leaching process continued for along time, this may be 

very dangerous for unreinforced model because of the continuous dissolution of 

gypsum material, which led to high settlement of the footing. 
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The permeability, started at a high value, then decreased with time for all 

tested laboratory models.  This behavior may attribute to the reduction in void 

ratio with time, as a result of continuous collapse during leaching process.  The 

above behavior agrees with that obtained by Arutynyan et al 1982, Nashat 1990 

and Sheikha 1994.  While Al-Shahwani 1994, concluded that the permeability 

is reduced with time, and there was no fluctuation condition in permeability. 

 

5.8.2 Effect of Gypsum Content on the Leaching Behavior of 

Gypseous Soil 

Figure (5-33) shows the variation of permeability with time for S-2 and S-

1 soils with different gypsum content (47% and 70%).  It can be seen that the 

permeability was inversely proportion with gypsum content.  The permeability 

at the end of leaching test for S-2 soil was about 5 times that for S-1.  This 

behavior may attribute to the low value of void ratio for soil containing high 

gypsum content, which may cause a reduction in the ability of water to infiltrate 

through voids between soil particles.  It can be seen that the fluctuation of the 

coefficient of permeability with time will continue, but as leaching time elapsed, 

these fluctuation would minimized until reaches a state where it became small 

(the steady state condition).  It can be seen that the time required for reaching 

the steady state for permeability for S-2 soil that containing 47% gypsum, was 

less than that for S-1 soil with 70% gypsum content.   This may be due to the 

continuous dissolution of gypsum for soil containing high percentage.  The 

fluctuation in the coefficient of permeability with time may attributed to the 

leaching of soluble salts which results in enlarging the voids between soil 

particles and then permeability increases.  With continuous leaching of gypseous 

soil, this voids became larger with time, and collapse of the structure may 

happened due to the breaking of the bonds between soil particles and that may 

led to the reduction of the voids and reorientation of soil particles occurred.  So 
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the water path will be reduced, and finally the permeability of the soil will 

decrease. 

Figure (5-34) shows the total soluble salts-time relationship for S-2 and S-

1 soils with different gypsum content G.C=47% and G.C=70% respectively. It 

can be seen that soluble salt values are higher at the beginning of leaching test, 

then it became smaller with time.  This behavior may be attributed to the high 

amount of washing gypsum at the beginning of leaching test and the presence of 

high percent of soluble salts which caused the occurrence of high voids between 

soil particles, with time these voids were reduced due to the continuous increase 

of strain that is the result of soil softening and so reorientation of soil particles 

occurred.  In addition to that the migration of some undissolved salts and some 

organic materials inside the soil skeleton reduces the voids and may cause a 

reduction in permeability and the soluble salts. 
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5.8.3 Effect of Type of Reinforcement on the Leaching Process of 

Gypseous Soil 

Leaching test followed the same procedure as the collapse test except that 

the sample is allowed to leach for 10 days, after 3 days soaking.  The leachate 

was collected with time by a graduated cylinder, to measure the quantity of 

leachate and the total soluble slates during leaching period.  The test was 

continued until a steady state of K and TSS values were pronounced, as shown 

in figures (5-35) and (5-36).  From the relation of the deformation ratio with 

time, for all types of reinforcement used; plastic grid, steel grid, nylon strips, 

mat of reed and fine wire mesh reinforcement and by preceding the percolation 

process of water through the sample, more collapse settlement took place, which 

may attributed to the continuous dissolution of the residual undissolved gypsum 

from the previous soaking stage, and washing out of gypsum.  Hence the 

leaching process increase the compressibility for unreinforced samples. 
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All values of the S/B%, TSS and K obtained at the end of soaking and 

leaching test for laboratory models are shown in Table (5-5). 

 

Table (5-5): Effect of reinforcement type on the permeability of gypseous soil 

Propert-

ies 

unreinforced Plastic grid Steel grid  Nylon strips Mat of reed 

soak leacing soaking leacing soaking leacing soaking leacing soaking leacing 

S/B 39% 47% 5.3% 7.1% 3.6% 4.4% 13% 17% 16% 19% 

TSS 2% 5% 1.5% 2.4% 1.7% 4% 3% 6.2% 1% 13% 

k 

(mm/sec)

*10
-4

 

11.7 3.4 7.6 7 7.18 6.5 - 2.1 6.1 5.1 
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The leaching test obviously shows that the plastic grid and the steel grid 

reinforcement will reduce the compressibility of gypseous soil considerably.  

The plastic grid reinforcement reduces the compressibility (84%) compared with 

unreinforced gypseous soil model.  Table (5-6) shows the reduction percent in 

the S/B% of the leaching test for all types of reinforcement, which represents 

efficiency of each type of reinforcement to improve the behavior of gypseous 

soil. 

Table (5-6): The reduction percent of S/B value for different types of 

reinforcements 

Type of 

reinforcement 
Fine Wire Mesh Plastic grid Steel grid Nylon strips Mat of reed 

RP% in S/B for 

leaching test 
73% 84% 91% 64% 60% 

 

These results reveal that the leaching process has a small effect on the 

compressibility of reinforced gypseous soil compared with that for untreated 

one.  The reinforcement worked as a temporary cushion for the footing resting 

on reinforced gypseous soil until the reorientation of soil particles happened 

after the soaking of gypseous soil.  It was observed that soaking does not 

effecting the angle of friction between the soil particles and reinforcement, the 

idea behind this may be attributed to that the high quantity of soil particles are in 

direct contact with reinforcement material are not effected by the changes due to 

continuous soaking of soil, this may led for new arrangement of the soil particles 

to take another places so the friction resistance between the new arranged 

particles and reinforcement material are not affected or little affected by the 

continuous dissolution of gypseous soil during soaking process.  The continuous 

and long term leaching of soil below the footing may cause the occurrence of 

big cavities inside the gypseous soil due to continuous extrusion of the dissolved 

gypsum.  The presence of reinforcement in gypseous soils, works as an aiding 
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cover for this cavities which will decrease or prevent the occurrence of sudden 

collapse of footing resting on gypseous soil.  This indicates the high efficiency 

of the reinforcement materials to reduce the collapsible behavior of gypseous 

soil upon soaking and during leaching process. 

 

5.8.4 Effect of Number of Layers on the Leaching Behavior of 

Gypseous Soil 

Figure (5-37) shows the permeability (k)-time relationship for 

unreinforced and reinforced Gypseous soil with different number of reinforcing 

layers of plastic grid reinforcement for laboratory models tested at the same 

conditions: d=0.25B, l=5B, unit weight=14.6 kN/m
3
.  At the first period of 

leaching test higher values of permeability were recorded for all models, which 

may be the result of the collected water from the previous soaking state that was 

kept at the bottom of the steel container.  With time the permeability decreased 

at higher rate for unreinforced model and the model with n=1, compared with 

laboratory model reinforced with 5 reinforcing layers.  It can be seen that the 

fluctuation in the coefficient of permeability with time was less for reinforced 

models, especially for model with five reinforcing layers.  It can be seen that the 

permeability of reinforced models decreased at the first day of leaching.  after 

this period the permeability value were decreased until reaching a constant value 

after four days of continuous leaching.  After 10 days leaching, higher value of 

permeability was recorded for models reinforced with 5 layers of plastic grid 

reinforcement compared with other models.  while for unreinforced model the 

permeability after 10 days leaching was 50%  of that on the reinforced mode 

with 5 reinforcing layers which may be the indication of improvement with 

increasing permeability.  This behavior may attribute to high friction resistance 

between the reinforcement and soil particles, which reduce the tendency of 

collapse of Gypseous soil with time and keeping the voids of soil particles. 
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Figure (5-38) shows the TSS-time relation for unreinforced and reinforced 

gypseous soil models were reinforced with plastic grid.  All laboratory leaching 

tests were carried at the same conditions: d=0.25B, l=5B, unit weight=14.6 

kN/m
3
.  Models were reinforced with different number of reinforcing layers 

(n=1, n=3 and n=5). 

It can be seen that the TSS value begin at higher value specially for model 

with 1 reinforcing layer while it started at lower value for models reinforced 

with 5 layers of plastic grid reinforcement.  With time the TSS values were 

decreased for unreinforced model and the model with one reinforcing layer.  

While the TSS value remained constant.  It can be seen from figure (5-38)  that 

low fluctuation for models reinforced with 5 reinforcing layers.  While high 

fluctuation in TSS value was observed for unreinforced model and the model 

with one reinforcing layer. 
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5.8.5 Effect of Length of Reinforcement on the Behavior of 

Gypseous Soil 

Figure (5-39) shows the relation between the permeability and leaching 

time for unreinforced gypseous soil laboratory models and models reinforced 

with various lengths of reinforcing layers (l=3B and l=5B).  All laboratory tests 

were carried under the same conditions (n=1, d=0.25B, unit weight=14.6 kN/m
3
. 

It can be seen that the permeability started at higher values for reinforced 

models with l=3B and l=5B.  with time the permeability curves are sharper after 

the first hour of leaching test for the two reinforced models.  On the other hand 

the permeavility value begins at lower value for unreinforced model. 

At the end of leaching test, the permeability for reinforced models 

reinforced with l=5B was higher than that for unreinforced model.  This may 

refer to the high surface area of reinforcement that increase friction resistant 
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between the reinforcement material and Oil particles.  This would reduce the 

collapse of gypseous soil during leaching process as mentioned previously.  This 

process may decrease the tendency of gypseous soil in reducing the voilds 

between soil particles of the presence of reinforcement.  At this state little 

fluctuation in permeability value was observed for reinforced models, while for 

unreinforced model, the fluctuation in permeability continued and little value of 

permeability was recorded after 10 days leaching.  This may be due to the high 

rate of collapse that effected the flow through the porous of gypseous soil, due 

to high reduction in voids between soil particles. 

Figure (5-40) shows TSS-leaching time relations for unreinforced model 

and models reinforced with different lengths of plastic grid reinforcement.  All 

tests were carried at the same conditions: n=1, d=0.25B.  The same behavior 

was observed for TSS-time curve, at the first period of leaching reinforced 

models with l=5B and 3B as in the previous relation.  The TSS value started at 

higher value then decreased rapidly with little fluctuation of TSS value for 

reinforced models.  While in the case of unreinforced model, lower value of TSS 

high fluctuation was observed at the first period of leaching test and the TSS 

value increased at a moderate rate and reached a peak value after one day of 

leaching period.  After this period low fluctuation was observed for unreinforced 

model and the TSS value decrease at slow rate.   
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5.9 Compressibility of Reinforced and Unreinforced Gypseous 

Soil at Higher Stress Levels  

After 10 days leaching, valves were closed and laboratory models 

continued to soak, the stress level increased to 150, 200 and 250 kPa instead of 

100 kPa.  All tests were carried at the same conditions: n=5, d=0.25B, l=5B, S-1 

soil with GC=70% and unit weight=14.6 kN/m
3
.  These tests were continued 24 

hours (1440 minutes). 

The time-deformation ratio curves were investigated at higher stress 

levels.  The efficiency of reinforcement using different types and patterns of 

reinforcement. 

5.9.1 Effect of Type of Reinforcement 

Figure (5-41) to (5-43) shows the time-deformation ratio for laboratory 

models reinforced with five types of reinforcement (plastic grid, stainless steel 

grid, fine wire mesh, nylon strips and reed mats).  All tests were carried at the 

same conditions: n=5, l=5B, d=0.25B, unit weight=14.6 kN/m
3
. 

It can be seen that all types of reinforcement improved the compressibility 

of soaked gypseous soil at 150 kPa and the model with reed mats reinforcement 

was less effective which gave the higher S/B ratio and reached 0.63%.  While 

for reinforced model with plastic grid reinforcement gave S/B=0.16%.  The 

plastic grid reinforcement was the effective type at that stress level. 

The deformation ratio-time curves for all types of reinforcements tested at 

150 kPa are shown in figure (5-41).  The S/B value for laboratory models tested 

at 150 kPa stress level can be seen in Table (5-7).  The S/B value for laboratory 

model tested at 250 kPa stress can be seen in Table (5-8).  The deformation 

ratio-time curves for all reinforcement types at 200 kPa and 250 kPa stress were 

shown in figures (5-42) and (5-43) respectively. 
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Table (5-7): The Reduction Percent of the Deformation Ratio (S/B) at 150kPa. 

Type Unreinforced Plastic grid Steel grid Nylon strips Mat of reed 

S/B% 0.825 0.16 0.25 0.24 0.53 

RP% - 81% 70% 71% 36% 

 

Table (5-8): The Reduction Percent of the Deformation Factor(S/B) at 250kPa stress. 

Type Unreinforced Plastic grid Steel grid Nylon strips Mat of reed 

S/B% 1.428 0.26 0.32 0.47 0.9 

RP% - 82% 78% 67 37% 
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5.9.2 Effect of Number of Layers 

Figure (5-44) shows the time-S/B relationship for unreinforced and 

reinforced laboratory models using different number of plastic grid 

reinforcement.  Models were reinforced with n=1, 3 and 5 layers in addition to 

unreinforced model for comparison purpose.  All tests were carried at the same 

conditions: d=0.25B, l=5B, S-1 soil. 

As the number of reinforcing layer increase the deformation ratio decrease 

at higher stress levels.  It can be seen that the reduction percent in deformation 

was more pronounced for higher stress level when the number of reinforcing 

layers was 5, as shown in Table (5-9). 
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Table (5-9): Reduction percent of unreinforced and reinforced laboratory models at 

higher stress levels. 

Number of layers 

At 100 kPa 

soaking 

At 150 kPa 

soaking 

At 200 kPa 

soaking 

S/B end RP% S/B end RP% S/B end RP% 

0 32.73 - 0.825 - 1.428 - 

1 6.42 80% 0.73 12% 0.84 41% 

3 5 85% 0.49 41% 0.78 45% 

5 3.51 89% 0.16 81% 0.176 89% 

 

After 10 days leaching test, valves were closed and the model continued 

to soak under 150 kPa instead of 100 kPa.  The deformation ratio (S/B)-time 

curves for all reinforced and unreinforced models using five types of reinforcing 

materials and tested 150 stress can be seen in figures (5-44).  All testing 

conditions were the same; n=5, S-1 soil with G.C=70%, d=0.25B and l=5B. 

These tests were continued 24 hours (1440 minutes). 
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5.9.3 Effect of Length of Reinforcing layer 

Figures (5-45) and (5-46) shows the time S/B relations for unreinforced 

and reinforced laboratory models with different lengths of plastic grid 

reinforcement tested at higher stress levels.  All variables were kept constant: 

n=1, d=0.25B, l=5B. Figure (5-45) shows little difference in deformation ratio 

for reinforced models with l=3B and l=5B tested at 150 kPa stress.  As the stress 

level increased to 200 kPa, more improvement was pronounced especially for 

reinforcing model with l=5B.  The deformation ratio for l=5B decreased 62% for 

model reinforced with l=3B.  This behavior is shown in figure (5-46). 
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5.10 Comparison with Other Studies 

5.10.1 General 

In this section brief comparison was made between the results obtained by 

many investigators carried their studies at the same field or used the same type 

of soil.  They carried their tests to investigate the feasibility of using different 
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techniques to improve the engineering properties of gypseous soils at dry, wet 

and leaching conditions.  Some of these studies were carried in the field and the 

others were carried in the laboratory using small cells like Oedometer cells, 

Triaxial cells or box models.  Fortunately some of these tests were carries at the 

same soil like the study of Al-Barzangi 2003, Salih 2003, Mirza 2003, Al-Ani 

2003, Al-Ameery 2003 and this study.  The other studies were carried using 

different types of gypseous soil with different gypsum content, or using 

gypsified soil to control the quantity of gypsum in the soil. 

All these studies which were carried during the last two decays, are 

directed to investigate the proper and the most effective technique of 

improvement of gypseous soils by reducing the compressibility of gypseous soil 

and the tendency of collapse appone wetting and during leaching process.  Each 

improvement was carried at different condition with different technique. What I 

am trying here, is to summarize these techniques and all factors affecting the 

behavior of gypseous soil.  Some are physical, like stone columns, reinforced 

earth.  The others are chemical like Oil products, bentonite or Asphalt 

emulation. 

 

5.10.2 Comparing the Behavior of Gypseous Soils 

Each study contains the results of untreated gypseous soil model to 

compare it with that of improved model carried at the same conditions.  There 

are many factors bounded the behavior of gypseous soils.  Each study on 

gypseous soil was carried at different conditions. 

In this study two soils with different gypsum content (S-1 soil with 

GC=70% and S-2 soil with GC=47%), were investigated.  All tests were carried 

at the same condition of S-1 soil which was brought from Al-Doar region in 

Salah Al-Deen governate (dry unit weight=14.6 kN/m
3
, initial moisture 

content=2.63%, Soaking stress=100 kPa with continuous flooding of water from 
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top of the model until full soaking of soil occurred, leaching stress=100 kPa).  

Series of laboratory and field tests were carried on these soils to investigate the 

behavior of untreated gypseous soils with different gypsum content before the 

treatment.  Al-Barzangi 2003 and Al-Ameery 2003 used the same soil (S-1 soil) 

brought from the same location (trial pit No.1) with the same soil properties.  

The researcher carried series of laboratory tests on unreinforced model at 

different test condition (soaking pressure=40 kPa) tests were carried using 

600*600*500 mm steel container.  In soaking state the water table was raised in 

three lifts (100 mm, 190 mm and 120 mm respectively).  Al-Ani 2003 

investigate the behavior of Al-Doar soil with GC=65% and initial moisture 

content=9% tested using 560 mm diameter and 400 mm height steel container.  

Models were tested at soaking pressure=80 kPa.  Al-Gabri 2003 investigate the 

behavior of Al-Doar soil (S-1 soil) using 300 mm diameter and 350 mm height 

steel mold of 6 mm thickness.  Tests were carried at initial moisture 

content=10%, dry unit weight=14 kN/m
3
, GC=70% and soaking pressure=100 

kPa the pressure applies by 75 mm circular footing.  Field tests were carried by 

Salih 2003, Mirza 2003, Mohammed 2003 in addition to this study, investigated 

the behavior of Al-Doar region that all field tests were carried (near Sodium 

Sulphate Factory in Salah Al-Deen governate.  The different in testing 

conditions were presented by the soaking stress (32 kPa, 44.8 kPa and 100 kPa.  

All other soil conditions are the same.  This number of researchers was directed 

to investigate the properties of this soil during series of laboratory and field 

tests.  

Figure (5-47) and (5-48) shows the behavior of untreated gypseous soils 

for laboratory and field models tested at different conditions for many studies.  

All the test conditions are the same except the soaking pressure.  High collapse 

settlment was recorded for model tested at soaking pressure=100 kPa than other 

models tested at soaking pressure=40 or 44.8 kPa.  The results of dry, soaking 
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and leaching tests with different variables for laboratory and field models are 

summarized in Table (5-10) and (5-11). 

 

Table (5-10): comparison of unreinforced Gypseous soil laboratory model with other studies. 

Research

er name  

Soil 

location 

Gypsum 

content 

Initial 

moisture 

content  

Dry 

density 

kN/m
3
 

Soaking 

stress 

kPa 

Dry 

S/B% 

Soaking 

S/B% 

Leaching 

S/B% 

Abid-

Awn 

2004 

Al-Doar 70% 2.63% 14.6 100 5.8 32.73 8.02 

Al-

Ameery 

2003 

Al-Doar 70% 6.5% 12.88 40 1.1 13.2 - 

Al-Ani 

2003 
Al-Doar 65% 9% 14.6. 80 3 7.1 - 

Al-Gabri 

2003 
Al-Doar 70 10% 14 100 2 30 - 

Al-

Barzangi 

2003 

Al-Doar 66% 2.63% 12.8 40 1.15 13.77 - 

 

Table (5-11): Comparison of unreinforced Gypseous soil field model with other studies. 

Researcher 

name  

Location  Gypsum 

content% 

Initial 

moisture 

content 

Dry density 

kN/m
3
 

Soaking 

pressure 

kPa 

Dry  

S/B% 

Soaking 

collapse 

S/B% 

Abid-Awn 

2004 

Al-Doar 70% 2.63% 14.6 100 1.89 3.62 

Mirza 2003 Al-Doar 70% 2.63% 14.6 44.8 0.01 0.5 

Salih 2003 Al-Doar 70% 2.63% 14.6 44.8 0.09 0.87 
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5.10.3 Improvement of Gypseous Soils 

5.10.3.1 Type of Improvement Technique 

Number of techniques used for research purposes during the last two 

decays by more than 25 investigator in Iraq only.  These studies include various 

chemical and physical treatment techniques.  Generally all the used methods 

were costly and provides special skill in preparation but the problem of 

gypseous soil, force us to use these special and costly techniques.  There are 

many factors indicate the most effective method of improvement of these soils 

(coast, the ability to reduce the collapse settlement during soaking and leaching 

and the durability of the improving material).  The investigators from the other 

studies that worked in this field used different key words for the variables 

affecting improvement results.  Table (5-12) shows general view of these 

variables for number of investigators. 

 

Table (5-12): variables for each method of improvement used by various studies 

Researcher name Type of technique Studied variables 

Abid-Awn 2004 Reinforcement Type, n, l, d 

Al-Ani 2003 bentonite % bentonite 

Mirza 2003 Stone columns stabilized with 

Asphalt and Cement 

% Asphalt, % Cement  

Al-Alawee 2001 Emulsified Asphalt (chemical) B, t, x 

Salih 2003 Stone columns Stone column diameter 

and spacing 

Al-Ameery 2003 Traditional and Stabilized stone 

columns 

% sand, % cement, w/c 

Al-Barzangi Stone columns Stone column diameter 

and spacing 

 



189 

 

 

                                             

In this section the most effective techniques used by each investigator was 

presented.  For example, 5 types of locally manufactured materials were used in 

this study but the most effective types were the plastic grid reinforcement and 

the stainless steel grid reinforcement, which are used for comparison with other 

techniques.  In the study of Al-Barzangi 2003 and Salih 2003, the effective 

physical improvement technique used was the traditional stone columns. While 

in the study of Mirza 2003 and Al-Ameery 2003 the improvement presented by 

the use of stone columns stabilized with Asphalt and Cement (25% sand, 7.5% 

Cement, w/c=0.6).  The effective chemical improvement technique used by Al-

Ani 2003 was mixing the soil with 7.5% of bentonite.  While in the study of Al-

Alawee 2001 the author prefer the following dimensions for the effective treated 

zone of gypseous soil layer according to the footing width (B): t=2B, x=4B as 

shown previously.  Mohammed 2003 prefer mixing gypseous soil with 4% of 

Fuel Oil.  It is worth to mention that each test technique weather it is chemical 

or physical was carried at different conditions.  

140*140mm and 

1250*1250 mm footing 

Stone columns location 

Reinforcing layer (l) 

B B B 

d 
Reinforcement  

Emulsified Asphalt 
t 

x 

x 

Stone column 

technique used by 

Al-Bbarzangi 

2003 and Salih 

2003 

Chemical treatment by 

Emulsified Asphalt by 

Al-Alawee 2001 

Reinforcing Gypseous soil 

with five types of locally 

manufactured materials by 

Abid-Awn 2004 
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Figure (5-49) and (5-50) shows the time-deformation ratio relationship for 

the most effective techniques for laboratory and field models, which were 

recommended by number of investigators to improve the engineering properties 

of gypseous soils.  Some of these methods were carried in laboratory models, 

others were carried in the field.  Some of these techniques are chemical like 

using the Emulsified Asphalt by Al-Alawee 2001, the others are physical like 

using the stone columns technique or reinforcement techniques.  All these 

methods of improvement and the variables are presented in these figures.  It is 

well pronounced from figure (5-49), that the soaking stress and the initial 

moisture content for each treated laboratory model used, was different.  For 

example, the soaking pressure and the initial moisture content for models 

reinforced with 5 layers of plastic grid or steel grid reinforcement was 100 kPa 

and 2.63% respectively.  The laboratory model tested by Al-Alawee 2001 using 

the Emulsified Asphalt was tested at the same soaking stress of this study (100 

kPa).  The difference was only in the dry unit weight=16.25 kN/m
3
 and the 

initial moisture content=12.6%.  While in the case of laboratory model 

reinforced with traditional stone columns by Al-Barzangi 2003, was tested at 

soaking stress=40 kPa which is lower than the used soaking stress for this study.  

All the used methods, test conditions and variables of test conditions for 

laboratory and field models are summarized in Table (5-13) and (5-14) 

respectively. 
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Table (5-13): laboratory models improved with various physical and chemical 

techniques 

Researcher 

name 

Improvement 

type 

Improvement 

variables 

GC

% 

Dry 

density 

kN/m
3
 

Initial 

moisture 

content % 

Soaking 

pressure 

kPa 

S/B

% 

Abid-

Awn 

2004 

Unreinforc

ed 
N=5, 

l=5B. 

d=0.25B 

70 14.6 2.63% 100 32.7 

Plastic grid 70 14.6 2.63% 100 3.21 

Stainless 

steel grid 
70 14.6 2.63% 100 2.24 

Al-

Barzangi 

2003 

Stone 

columns 

Tradition

al 
66 14.6 2.63% 40 3.4 

Al-Ani 

2003 
Bentonite 7.5% mix 67 12.9 9% 80 2.47 

Al-

Ameery 

2003 

stabilized 

stone 

columns 

25% sand, 

7.5% 

Cement , 

w/c=0.6 

66 12.88 6.5% 40 3.28 

Al-

Alawee 

2001 

Emulsified 

Asphalt 

X=5B, 

t=2B 
72 16.25 12.6% 100 3.3 
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Table (5-14): field models improved with two physical improvement methods 

Researcher 

name 

Improvement 

type 

Improvement 

variables 

GC

% 

Dry 

density 

kN/m
3
 

Initial 

moisture 

content% 

Soaking 

pressure 

kPa 

S/B

% 

Abid-Awn 

2004 

Unreinforced N=3, l=5B, 

d=0.25B 

70 14.6 2.63 100 3.67 

Plastic grid 70 14.6 2.63 100 0.69 

Mirza 2003 

Stabilized 

stone 

columns with 

Asphalt and 

Cement 

0.3 m 

diameter 

1.5 m length 

66 12.8 2.63 44.8 0.31 

Muhammed 

2003 
Fuel Oil  4% mix 66 14.6 6.5 87 1.33 

Salih 2003 

 Stabilized 

Stone 

Columns 

Asphalt and 

Cement 
70 14.6 2.63 44.8 0.48 
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5.10.3.2 Number of Reinforcing Layers 

This section includes a comparison for results of number of reinforcing 

layers for many studies.  The improvement was presented by reducing the 

compressibility of reinforced soil.  The comparison includes the compressibility 

test for reinforced models at dry state only, since no previous study contains the 

effect of number of reinforcing layers at soaking or leaching for gypseous soil. 

Figure (5-51) shows the stress-S/B relationship for reinforced laboratory 

models with different numbers of reinforcing layers for number of studies.  The 

figure includes the compressibility of laboratory models tested at the same 

conditions and at dry state only. 

Al-Jebouri 1986 studied the effect of number of layers using fine wire 

mesh reinforcement laboratory models reinforced with n=1, 3 and 5 reinforcing 

layers.  Other variables were kept constant: l=5B, d=0.25B and tested at 100 kPa 

stress. 

Aswad 1989 investigated the effect of reinforcing layers n=1, 4, 6 with 

Nylon Strips reinforcement on the compressibility of natural dry sand.  It can be 

seen that all reinforced models were less effective in compressibility reduction. 

In this study the same steps were followed as the previous two studies, to 

make comparison between the results using different reinforcing layers with 

fixing all variables. 

Table (5-15) shows the results of S/B% obtained at the end of dry test for 

laboratory models reinforced with n=0, 1, 3, 5, 6 reinforcing layers. 
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Table (5-15): laboratory models reinforced with various number of reinforcing layers and 

tested at dry condition, for different studies. 

Researcher 

name 

Reinforcement 

type 

No. of 

layers 

Initial 

moisture 

content 

Dry density 

kN/m
3
 

S/B

% 

Abid-Awn 

2004 
Plastic grid 

0 2.63% 14.6 5.8 

1 2.63% 14.6 2.53 

3 2.63% 14.6 2.18 

5 2.63% 14.6 1.44 

Al-Jebouri 

1986 

Fine wire 

mesh 

1 8 16.96 2.5 

3 8 16.96 1.92 

5 8 16.96 1.75 

Aswad 

1989 
Nylon strips 

1 6.4 18.5 - 

4 6.4 18.5 9.6 

6 6.4 18.5 7.5 
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5.10.3.3 Length of Reinforcing layers 

As mentioned before, the purpose of increasing the length of reinforcing 

layer is to increase the surface area for reinforcement and this will lead to 

increase the friction resistant with soil particles. 

This section gives a comparison of the results of the effective length of 

reinforcing layers, obtained from this study and from other studies including 

laboratory models tested at dry conditions. 

Figure (5-52) shows the stress-S/B% relationship for reinforced models 

with various lengths of reinforcing layers l=3B, 5B and 6B used by two 

investigators.  Models of this study were reinforced with one plastic grid 

reinforcing layer.  While models tested by Aswad 1989 were tested with 4 

reinforcing layers of nylon strips.  It can be seen that increasing the length of 
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reinforcing layer has pronounce effect on the compressibility of reinforced soil 

and the most effective length was l=5B.  below this value the presence of 

reinforcement is uneffective in reducing the compressibility of laboratory mode 

tested at dry state only. 

Table (5-16) shows the results obtained from two studies on the effect of 

length of reinforcing layer on the compressibility of dry natural sand. 

 

Table (5-16): Laboratory models reinforced with various lengths of reinforcing 

layers, by many studies. 

Researcher 

name 

Reinforcement 

type 

n d/B Dry 

density 

kN/m
3
 

Initial 

moisture 

content% 

Length of 

reinforcing 

layer 

S/B

% 

Abid-Awn 

2004 
Plastic grid 

1 0.25 14.6 2.63 5B 2.02 

1 0.25 14.6 2.63 3B 2.53 

Aswad 1989 Nylon strips 

 0.25 18.5 6.4 6B 4.3 

 0.25 18.5 6.4 3B 5.6 
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5.10.3.4 Depth of Reinforcing Layers 

Al-Jebouri 1986 and Aswad 1989 studied the depth of reinforcing layers.  

Their results were compared with the result obtains from this study.  They 

carried their tests on dry sandy soils without the contamination of any gypsum 

percent.  All other test conditions were the same: n=5, l=5B.  The comparison 

includes the results of reinforced laboratory models obtained from these studies. 

Figure (5-53) shows the stress-S/B% relationship obtained from three 

studied.  The test condition was the same for all models.  The depth of 

reinforcing layers was related to footing width B that was used by many 

investigators. 

Table (5-17) summarizes the results obtained from this study and compare 

it with that obtained from the other studies. 
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Table (5-17): Laboratory models reinforced with various depths of reinforcing 

layers by many investigators. 

Researcher 

name 

Type of 

reinforcement 
n l d/B 

Dry density 

kN/m
3
 

Initial moisture 

content 

S/B

% 

Abid-Awn 

2004 
Plastic grid 5 

5

B 
0.25 14.6 2.63 1.77 

Al-Jebouri 

1986 
Fine wire mesh 5 

5

B 
0.25 16.96 8 2.4 

Aswad 1989 Nylon strips 4 
5

B 
0.25 18.5 6.4 4.6 
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Chapter Six 

Conclusions and Recommendations 

 

6.1 Conclusions 

6.1.1 Settlement Improvement 

The points drawn from the field and laboratory model tests revealed the 

following conclusions, 

1. The improvement of gypseous soil were achieved by the use of 

different types of reinforcement and the other variables (number of 

layers and length of reinforcing layer).  

2. In terms of settlement control, the steel grid reinforcement showed 

encouraging results, the reduction in collapse settlement during 

soaking and leaching state, was (90-95%) compared with unreinforced 

laboratory model. 

3. The plastic grid reinforcement considered the next best type which 

gives a satisfactory improvement of the behavior of gypseous soil and 

it can be consider the most comfortable and workable type, specially it 

is locally manufactured in Iraqi.  This type of reinforcement gives 

(89%) reduction percent in collapse settlement. 

4. The lowest improvement which was presented by the reduction 

percent in deformation ratio S/B, were observed in the case of mats of 

reed coated with asphalt reinforcement with 5 reinforcing layers.  This 

material was ineffective in reducing the collapsibility of gypseous soil 

during field soaking test, which gave only (63%) reduction percent in 

collapse settlement for laboratory model test.  While it gave 12% 

reduction percent in deformation ratio for field model reinforced with 

one layer of reed mat reinforcement. 
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5. In terms of settlement control for soaking test, the soil with three 

reinforcing layers, provided the best settlement reduction (80-85%), 

above this number, little difference in the reduction percent of 

settlement was achieved. 

6. Using one layer of plastic grid reinforcement reduces the leaching 

settlement (70%) compared with unreinforced model. 

7. The effective length of reinforcement was 5B which gives a 

reduction percent in collapse settlement about (80%) for laboratory 

model reinforced with single layer of plastic grid reinforcement. 

8. High values of the coefficient of permeability were recorded for 

laboratory leaching test and it varies with time and fluctuates in a 

randomly descending order until reaching the steady state condition. 

9. The leaching test proceed 10 days for laboratory model after this 

period small variation of S/B, TSS and k were recorded. 

10. After 10 days leaching of the laboratory models containing different 

percentages of gypsum it can be recorded that the permeability for S-2 

soil with GC=47% was 5 times that of S-1 soil with GC=70%. 

11. The degree of improvement of reinforced gypseous soil was more 

pronounced at higher stress levels. 

12. The tensile stress of reinforcement materials has an important place 

for improving the behavior of reinforced gypseous soil. 

13. A deformation ratio of (1.78%) was observed at the end of leaching 

process compared to (3.51%) obtained at the end of soaking process 

for models reinforced with three layers of plastic grid reinforcement. 

 

6.1.2 General Results 

The following points are concluded from the research work regarding 

field and model preparation and testing; 
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1. It is preferable to use the optimum moisture content in compaction 

process for field models with maximum density instead of placing the soil 

at the same field density.  This process led to an additional improvement 

of gypseous soil at the same time. 

2. Applying load increments at equal time intervals (stress control) was 

applicable for field tests and hence was standardized for all model tests. 

3. Method of load application for field models using the manufactured 

steel loading frame, was very effective specially by the hydraulic jack 

mechanism which can reaches high stress levels without any dangerous 

during  stress application.  In addition to that the mechanism of load 

control and ther corresponding settlement was easy to manage without 

any assistant. 

4. Using the dial gage instrument in measuring the settlement for 

reinforced and unreinforced gypseous soil field models, was more 

preferable than using other methods for field tests, because the probability 

of errors was more in the case of using other instruments. In addition to 

that, high accuracy of dial gauge instrument which made it considered the 

most applicable and cheapest settlement measuring devise and available. 

 

6.2 Recommendations 

The following points may be taken into consideration for further research: 

1. The use of different patterns and types of reinforcements in gypseous 

soils. 

2. Extensive studies are recommended regarding the use of plastic grid as 

an effective reinforcement material. 

3. Study the durability of each reinforcement materials and the effect of 

long term soaking and leaching. 

4. Field tests using another variables of reinforced gypseous soils. 

5. Theoretical study and finite element program. 
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