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Characterization and stabilization of eastern Saudi calcareous soils 

Specification et stabilisation des sols calcaires de la province Est de L’Arabie Saoudite

S .A.Aiban, O .S . B.AI-Amoudi, H. R. Ahm e d & H. I.AI-Abdul W ahhab -  Department o f Civil Eng ineering , King  Fahd  University

o f Petroleum & Minerals, Dhahran, Saud i Arab ia

ABSTRACT: Soils available for constructional purposes in eastern Saudi Arabia are inferior in their natural conditions. Many 

construction and post-construction problems have been reported in the literature when these materials are used. This investigation is one 

of a series to evaluate the geotechnical properties o f twenty four calcareous samples (i.e. known as marl) from different places covering 

the eastern part o f Saudi Arabia. All samples were characterized according to the relevant ASTM and AASHTO standards. Two marl 

and one caliche soils were selected for detailed characterization and stabilization. The results indicate significant variations in the 

behaviour o f these materials whereby their strength exhibited acute water sensitivity. Great reduction in strength was experienced when 

compaction was performed at moisture contents other than the optimum. The addition of low cement content improved the strength and 

water sensitivity. The effects o f cement content, curing type and period, and curing temperature on the strength and durability o f the 

cement-treated calcareous sediments are reported in this paper.

RESUME: Les terres disponibles pour la construction dans la region de l’Est de T’Arabie Saoudite sont generalement inferieures dans 

leurs conditions naturelles. Plusieurs problemes de constructions et de pre-constructions sont traites quand ces materiaux sont utilises. 

Cette etude parmi tant d’autres nous permet d ’evaluer les proprietes de vingt quatre echantillons calcaires, connus sous le nom de marl, 

preleves dans differents endroits de la region Est de l’Arabie Saoudite. Tous les echantillons etaient caracterises suivant les indices 

standards ASTM et AASHTO. Deux echantillons marls et une caliche ont ete selectionnes pour plus de details sur la specification et la 

stabilisation du sol. Les resultats montrent des variations tres importantes dans le comportement de ces materiaux, tandis que la puissance 

des sols indiquent une tres forte sensibilite a l’eau. Une reduction tres importante dans la force du sol apparait pendant l’essai de 

tassement avec une humidite autre que maximum. Le melange de ciment a faible teneur ameliore la force du sol et la sensibilite a l’eau. 

Les effets de la teneur du ciment, les echantillons traites a temperature ambiante pendant une periode limitee,et a temperature variable sur 

la puissance et la durabilite des depositions calcaires traites a base de ciment sont mentionnes dans cette etude.

1 INTRODUCTION

Construction of roads and foundations in eastern Saudi Arabia is of 

special consideration to the local authorities due to the lack of good 

quality materials. The available materials include calcareous 

sediments, sands, sabkhas and expansive clays. Sabkhas, sands and 

expansive clays are problematic soils and need to be avoided 

whenever possible. Calcareous sediments, locally known as marl, 

are considered the best candidate for road bases and foundations in 

the area despite their many disadvantages such as grain crushing, 

water sensitivity and inaccurate characterization procedures (Aiban 

et al. 1995). The extensive use o f these calcareous materials in the 

construction of base course for roads and other structures without 

the realization of their abnormal properties has resulted in 

unsatisfactory performance for many structures. Cracks in walls due 

to unequal settlement and subsidence of floor slabs have been 

noticed in few places where marls were used as a foundation 

material. In other places, heaving of sidewalks was observed due to 

the existence of expansive marls. These instances, although 

considered less frequent compared to those observed in roads, can 

cause severe damages.

The frequent and high rate o f road deterioration in eastern Saudi 

Arabia when marls are used in the construction of the graded base 

course, have raised many concerns regarding the suitability o f marl 

for road constructions. Among these concerns is the applicability of 

certain international standards in classifying and quantifying the 

engineering properties o f these sediments. Typical examples include 

the grain-size distribution, specially the fine content, when 

comparing dry and washed sieving; the determination of liquid limit 

and plastic limit, realizing that distilled water is used which may

cause some kind of carbonate dissolution and will definitely alter the 

limits and thus leads to erroneous classification (Aiban et al. 1995). 

The most important issue is the water sensitivity of the material; the 

strength being usually high when the material is kept dry, however, 

complete strength loss may result upon inundation or when the 

material is compacted to the wet side o f optimum (Ahmed 1996). 

This led to large settlements and collapse of many roads and, in 

many places, complete disappearance of the asphaltic layers which 

become mixed with the marl base layer. Exemplary situation of such 

deteriorations is shown in Figure 1.

2 EXPERIMENTAL PROGRAMME

2.1 Sample collection

A total o f 24 representative marl samples were collected from 

different locations in eastern Saudi Arabia as shown in Figure 2. 

These samples were collected from several places representing 

different geological formations including Abu Hadriyadh, Hofiif, 

Abqaiq, Baggah, Dhahran, Shedgum and Ain Dar areas. The 

materials in these locations are extensively used or to be used in 

construction. The samples were obtained either from existing piles 

of soil, or from crushed base course materials. Before testing, 

sieving of the gravel fraction was carried out and the materials 

retained on 2 inch (50.8 mm) sieve were excluded. The materials 

retained on each sieve were collected in bags and labeled 

accordingly. Samples for compaction and CBR tests were 

reconstituted according to the natural gradation of each soil or to a 

specific base course gradation.
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Figure 1. Documentation of the typical deterioration of the untreated 

section and the excellent performance of cement-stabilized section 

(behind the tripod).

Figure 2. Vicinity map showing marl quarries.

2.2 Characterization o f  eastern Saudi Arabia marls

The behaviour o f a soil is determined by various standard index and 

strength parameters. The response of the soil to different tests is 

intended to predict its expected behaviour and verify whether it is 

suitable as a construction material, or certain improvements are 

required to make it desirable for an intended objective. The tests 

conducted in this investigation included specific gravity (ASTM 

D854), plasticity (ASTM D4318), grain-size analysis (ASTM 

D422), modified Proctor compaction (ASTM D1557) and 

California Bearing Ratio (CBR) (ASTM D1883).

The plasticity tests are usually performed on samples passing 

ASTM No. 40 sieve. In this investigation, two sets of plasticity tests 

were performed, one on materia] passing ASTM sieve No. 40 and 

the other on material passing ASTM sieve No. 100.

For the grain-size analysis test, the soil was initially air dried and 

the gravel-size fraction was sieved through a set o f coarse (38.1 mm 

to ASTM No. 40 sieve) sieves. The soil passing ASTM No. 4 sieve

was subjected to both wet (washed) and dry (unwashed) sieving. 

Distilled water was used in the washed sieving. The grain-size 

distribution curves exhibited large differences between the washed 

and unwashed sieving. The results are given in Table 1 and show 

that the fine material (passing sieve No. 200) ranges from almost 

zero to a value of 19% based on the dry sieving and from about 10 

to 40% based on the washed sieving (Aiban et al. 1995). The 

washed sieve test results seem to be more realistic compared to the 

dry sieve since washing caused the aggregated particles to separate, 

in most cases, to their original sizes.

As expected, the results showed that the LL and PL were higher 

for the materials passing sieve # 100 compared to those passing 

sieve No. 40 for most of the samples. However, the plasticity index 

(PI) did not show a clear trend. The classification (Table 1) o f the 

marls ranges from GW to SP-SM according to the USCS and from 

A -l-a to A-2-7 according to the AASHTO classification system. 

These variations are expected since the collected material contained 

wide variations of carbonate (aragonite, calcite, dolomite), gypsum, 

quartz and other materials.

2 .3 Mechanical properties o f  eastern Saudi marls

It is worth mentioning that the USCS and AASHTO classifications 

usually provide an idea about the expected behaviour o f the soil. As 

an example, A-l-a and A-l-b soils in the AASHTO classification 

system and some of their equivalent soils in the USCS system (GW, 

GP and GM) are considered the best materials for use in road bases. 

However, it has been observed that such classifications are o f limited 

use when dealing with calcareous materials (Netterberg 1982; 

Ahmed 1996). This was also verified for the twenty-four marls 

tested here. CBR test results indicate that most o f these marls are 

sensitive to moisture, and therefore, their usage in road construction 

may raise concerns even when the material is classified as an A-l-a 

or A-l-b soil.

Typical CBR and compaction test results are presented in Figure

3. The sensitivity of the material to the moisture content is indicated 

by the reduction of the CBR values when the moisture content 

decreases below or increases above the optimum moisture content. 

Severe CBR reduction (from 134 to 15) resulted when the moisture 

content increased from 6.4 to 8.7%. Moreover, a reduction in the 

CBR from 117 to 50 resulted due to soaking if the material was 

compacted on the dry side of the optimum at a moisture content 

corresponding to 95% relative compaction. Such behaviour was 

observed for all marl samples.

A summary o f the compaction and CBR test results is presented 

in Table 1. It is clear from these values that the maximum CBR 

values occur at moisture contents lower than those for the maximum 

dry density (i.e. little on the dry side of optimum). In addition, for 

most samples, the CBR and dry density values corresponding to 

95% relative compaction could not be determined. This is mainly 

due to the difficulty in preparing samples at these moisture contents.

2.4 Detailed characterization and chemical stabilization o f  marls

The results presented in Table 1 indicate the large variation in the 

behaviour of marl soils in terms of gradation, moisture sensitivity, 

CBR and plasticity. The poor quality o f most o f the eastern Saudi 

marls combined with the harsh loading and environmental conditions 

necessitate the improvement of marls when used as a graded base 

for roads, particularly in areas where there is a potential for water to 

reach the base layer.

Three marl soils were selected for detailed characterization and 

stabilization. These three marls are M-ABH9 (from Abu Hadriyah), 

M-ABQR3 (from Abqaiq area) and M-SHD1 (from Shedgum area), 

which were selected to represent different marl types and of 

potential use in construction. It is worth mentioning that M-SHD1 

is calcrete and not marl.

Chemical tests were performed to determine the calcium 

carbonate and magnesium carbonate content o f the three soils.
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Table 1. Summary o f  marl classification, compaction and CBR test results.

Marl Specific Liquid limit Plastic limit Plasticity index % passing #200 sieve Classification (Yd)nux OMC CBR Maximum CBR

symbol gravity (LL) (PL) (PI) at 0.95 al at 0.95

#40/#100 #40/#100 #40/#100 Dry Washed USCS AASHTO (g/cm3) (m%) (yd)m«(dry) (YdW (YdWwet) CBR (m%)

M-ABH1 2.84 ND/21.5 ND / 20.0 N D /1.5 10.72 29.57 SP-SM A-l-b 1.85 13 110 104.4 0 130 11

M-ABH2 2.73 17.0/21.0 14.3/19.5 2 .7/1.5 3.44 26.5 SP A-l-b 2.09 7.25 100 130 0 140 6.8

M-ABH3 2.8 Non-plastic 1.01 22.95 SP A-l-a 1.93 10.25 ND 130 ND 130 9

M-ABH4 2.8 Non-plastic 0.22 9.56 GP A-l-a 2.15* 8** ND 180 ND 180 8

M-ABH5 2.8 Non-plastic 4.78 18.51 GW A-l-a 1.91 14.1 ND 122 2 152 12.9

M-ABH6 2.73 Non-plastic 7.45 18.14 SP-SM A-l-b 2.17 6.8 123 145 10 163 6.4

M-ABH7 2.81 36.3 / 38.4 28.3 / 32.5 8.0 /5 .9 4.19 44.37 SP A-2-4 1.8 16.65 ND 79 6 90s 14.51

M-ABH8 2.81 Non-plastic 1.92 24.71 SP A-l-a 1.93 12 ND 135 ND 197 8

M-ABH9 2.73 17.0/21.0 14.3/19.5 2 .7 / 1.5 2 12.5 GP A-l-a 2.2 6.4 115 135 10 135 6.4

M-ABQ1 2.71 47.0/51.1 45.0/48.7 2.0 /2 .4 18.94 22.9 GM A-l-a 1.85 14 90 155 ND 155 14

M-ABQRl 2.72 85.0/99.7 61.4/66.7 23.6/ 33.0 7.21 17.31 GP-GM A-2-7 1.81 15 ND 180 50 180 15

M-ABQR2 2.85 Non-plastic 9.63 27.49 SP-SM A-l-b 1.79 14.9 88.8 148.4 35 155 13.5

M-ABQR3 2.73 33.4 / 34.9 26.1 /30.0 7.3 /  4.9 0.93 18.72 GP A-2-4 2.06 8.6 ND 50 ND 128 7

M-ATND 2.78 68.3/72.5 64.7/69.4 3.6/3.1 9.54 22.75 SP-SM A-l-a 1.87 13.5 70 130 ND 141 12.5

M-BAG1 2.92 95.2/105 66.4 / 82.7 30.3 /24.2 7.31 27.12 SW-SM A-2-7 1.69 18.61 ND 81 36 82 20.9

M-BAG2 2.66 89.3/ 123.1 64.9 / 90.0 24.4/33.1 8.41 27.32 SP-SM A-2-7 1.79 17.5 ND 125 40.5 142 16.5

M-DHA1 2.91 36.5 /40.7 32.3/35.8 4 .2 /4 .9 18.16 30.45 GM A-l-b 1.75 16 100 107 28 108 14

M-DHA2 2.74* 107.7/89.7 63.5 /60.9 44.2/28.8 27.5 39.26 ND ND 1.51 21.84 ND 45 20 73s 17.8*

M-DHA3 2.85 N D/34.2 N D/20.3 N D/13.9 11.18 22.12 GP-GM A-l-a 1.97 12.56 ND 111.9 17.5 250 11

M-HOF1 2.7 Non-plastic 1.5 9.9 GP A-l-a 2.2 6.78 ND 204.5 ND 204.5 6.8

M-HOF2 2.75 32.3 /46.8 22.9/25.2 9.4/21.6 5 21.64 SP A-2-4 2.07 8.5 ND 165 8 165 8.5

M-HOF3 2.84 86.6 /  84.4 47.5/42.4 39.1 / 42.0 3 29.35 GW A-l-a 1.67 18.53 ND 87.6 22 92 20

M-HOF4 2.86 Non-plastic 3 40.09 SP A-l-b 1.94 12.4 85 65 10 125 11

M-SHD1 2.69 Non-plastic 2.55 19.23 SP A-l-a 2.11 9 ND 160 20 210 7

ND : not defined #40: passing # 40 sieve 1 no optimum was obtained OMC: optimum moisture content

* for clayey m aterial only #100: passing # 100 sieve ** based on max CBR

Materials passing # 40 and # 100 sieves were subjected to 

Ethylenediaminetetracetic acid (EDTA) analysis. The results are 

presented in Table 2. It is clear from the results that M-ABH1 

contains calcite and little dolomite, while M-SHD1 contains only 

calcite and M-ABQR3 contains dolomite and little calcite. These 

results also indicate that calcite is more abundant in material passing 

sieve No. 100 compared to material passing sieve No. 40. On the 

other hand, dolomite particles mainly exist in sand size between 

sieve No. 40 and sieve No. 100.

The mineralogical analysis o f the selected marls was carried out 

using X-ray diffraction (XRD) technique. Results have shown that 

M-ABH9 has a very high percentage of calcite, while dolomite is 

present in traces. M-ABQR3 and M-SHD1 contain a high 

percentage of quartz, but M-SHD1 contains calcite also.

3 STABILIZATION OF SELECTED MARLS

In eastern Saudi Arabia, marl is the prominent soil being used 

extensively as foundation material for pavements and other 

structures. Marl, being water sensitive, cannot be utilized as a 

construction material in its natural form, as many failure cases have 

been observed, especially in highways (Aiban 1995; Aiban et al. 

1997). There were some attempts in the past to stabilize these 

materials and to improve their engineering properties. Additives, 

such as sand, asphalt and cement, were investigated on very limited 

bases. Previous studies reported by Aiban et al. (1997) showed the 

superiority of cement in improving the properties of eastern Saudi 

marls. The three selected soils were treated with different 

percentages o f Portland cement and the effects o f temperature, 

curing period and type were investigated.

3.1 Laboratory testing fo r  strength and durability

The unconfined compressive test (qu) was adopted and used for the

evaluation of the strength characteristics o f both untreated and soil- 

cement mixtures. The qu test was performed on cylindrical 

specimens with a height to diameter ratio {hid) o f 2 (ASTM 

D1633). All samples were reconstituted to meet the base course 

gradation requirements. The required cement content and the 

corresponding (optimum value) moisture were added and mixed in a 

mechanical mixer for 4 min. The mix was then compacted in a mold 

of 100 mm diameter and 200 mm height (hld= 2.0) to the maximum 

dry density based on the modified Proctor compaction test. The mix 

was compacted in 5 equal layers. The number of blows was adjusted 

to attain the maximum dry density at the optimum moisture content.

Samples were allowed to cure for 7 days at room temperature 

(21 ± 2 °C). In order to simulate field conditions, some of the 

compacted samples were sealed in plastic sheets to inhibit moisture 

loss while the others were left exposed. The variation in the 7-day 

qu with cement content is presented in Figure 4 for the three soils. 

The results reveal that the strength of exposed samples is higher than 

that o f the sealed ones, irrespective of the cement content. 

Moreover, the strength increases as the cement content increases 

from 0 to 5%. Further increase in cement content did not bring 

about any significant increase in qu. The average (between sealed 

and exposed curing) qu for each of the three marls can be considered 

representative o f field situations. Further, a factor of 1.10 is to be 

used to get the corrected qu for the height to diameter (hid) ratio of 

1.15. This results in qu values of 5015 kPa (730 psi), 7590 (1100 

psi) and 5864 kPa (850 psi) for M-ABH9, M-ABQR3 and M-SHD1 

marl soils, respectively. According to the ACI Committee 230 

report (1990), the minimum qu specified by the US Army Corps of 

Engineers (USACE) for base course construction is 750 psi (5175 

kPa). Therefore, the requirement for the qu is fulfilled at a cement 

content o f 5%.

The soil-cement mixtures fulfilling the minimum strength 

requirement should also be durable against wetting and drying. For 

the local environmental conditions, there is no need to investigate
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Molding Water Content (%)

Figure 3. Variations of dry density and CBR values with the molding 

moisture content.

Table 2. Chemical analysis o f the selected marls.

Marl Sieve Ca2+ Mg2* CaC03 CaMgfCOj):

symbol No. (%) (%)

M-ABH9 - # 4 0 42.8 3.8 39.0 3.8

-# 1 0 0 56.3 — 56.3 —

M-ABQR3 -# 4 0 28.0 25.8 2.2 25.8

-# 1 0 0 34.5 23.6 10.9 23.6

M-SHD1 - # 4 0 37.5 — 37.5 —

-# 1 0 0 62.6 — 62.6 —

Cement Content (%)

Figure 4. Variations o f the unconfined compressive strength with 

cement content for sealed (S) and exposed (E) curing.

the durability against freezing and thawing. Both the standard test 

(ASTM D559) and the modified slake durability test (Aiban et al. 

1997) were conducted on soil-cement having 3, 5 and 7% cement 

contents. The results indicate that the maximum weight loss did not 

exceed 3%, for 3% cement addition, and as the cement content 

increases the weight loss decreases. The maximum allowable weight 

loss is 14% and 9% according to the Portland Cement Association 

(PCA) and US Army Corps of Engineers (USACE), respectively.

3 .2 Field trials

The addition of low cement content (4 to 5% by weight of dry soil) 

resulted in a durable material having high strength and water 

insensitivity. According to the laboratory investigation, 5% cement 

will satisfy the USACE requirement. However, lower cement 

content for field use can also satisfy such requirements due to the 

better gradation of the material (coarser in the field) and the curing 

conditions. Accordingly, a cement content o f 4% was 

recommended for field trials. Five trial sections have been

constructed since 1994 using M-ABH9. The additional cost due to 

cement addition, including that o f mixing, did not exceed 30% of the 

project’s cost which is much less than the repair cost. With each 

trial section, a reference section was constructed using the same soil 

without any additive. The performance of different sections has 

been closely monitored for the past three years and destructive 

(coring) and nondestructive (Dynaflect) techniques have been used 

in the evaluation. Figure 1 depicts the present status for one of the 

cement-treated sections and the adjacent untreated section. This 

clearly proves the adequacy of using low cement content in the 

treatment o f such soils. The figure shows also the nature of 

deterioration within a short period of time (less than two years in 

this case). Further details are reported elsewhere (Aiban et al. 

1997).

4 SUMMARY AND CONCLUSIONS

Results of both laboratory and field investigations reveal the 

significant variability and acute water sensitivity o f the fine-grained 

calcareous “marl” sediments in eastern Saudi Arabia in their natural 

state. The variability was demonstrated by the characterization and 

composition of the materials, while the water sensitivity was typified 

by the significant reduction in CBR values upon wetting and its 

dependency on the molding moisture content. Therefore, the use of 

marl in base-course construction of roads under excessive loading 

and severe exposure conditions is questionable. Accordingly, these 

local materials can be upgraded efficiently once they are treated with 

small percentages (4 to 5%) of Portland cement. The soil was 

stabilized with only 4% cement and exposed to environmental and 

loading conditions similar to unstabilized ones in five road sections 

in eastern Saudi Arabia. After more than three years o f service, the 

4% cement-treated marl road exhibited no sign of deterioration 

while the untreated marl deteriorated to different degrees.
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