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ABSTRACf 

The behavior of cemented sands is examined experimentally and 

theoretically in this study. The first segment of the investigation involves an 

extensive laboratory program to examine the effects of slenderness ratio, 

effects of cementation, and effects of confining pressure on the stress-strain 

curves of cemented sands. Results show that specimens with slenderness ratio 

of 1.5 or greater exhibit lower strength, higher dilatation rates, and relatively 

brittle behavior when compared to samples with slenderness ratio of 1. 

Furthermore, cemented sands have an essentially straight line Mohr-Coulomb 

failure envelope, whose cohesion intercept increases with the degree of 

cementation of the soil. The effective friction angles measured for cemented 

sands with various cementation levels are in the same ranges as the effective 

friction angle evaluated for uncemented sands. Moreover, failure modes of 

the material varies from brittle to ductile depending upon the level of 

cementation and the degree of confinement. In general, as cementation 

increases, cemented sand exhibits a brittle failure behavior; while increasing 

the confining pressure causes a ductile failure response. 

The second portion of the project includes development of a constitutive 

model for cemented sands. Cemented sand is viewed as a multi-phase 

material comprising three phases: sand, cement, and pore water. The 

elastoplastic behavior of cemented sands is the consequence of the behavior of 

the individual phases plus the interaction of the phases. The individual 

phases (sand and cement) are modeled using the theory of plasticity. 

Mixtures theory is used to assemble the individual phases to simulate the 

overall behavior of cemented sands. The gradual damage of the internal 

structure of cemented sands is also incorporated within the model. The 

agreement between experimental data and model predictions is very good. In 
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summary, mixtures theory using simple plasticity models for the individual 

phases is capable of capturing the complex behavior of cemented sands. 
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1. INTRODUcrION 

The concept of soil improvement is hundreds of years old; however. modern 

technology and the utilization of new materials in stabilizing weak soil 

deposits is vastly enlarging the scope of geotechnical engineering. Soft or 

loose soils are incapable of carrying heavy loads without undergoing excessive 

deformation. Whenever soils with unsatisfactory properties are encountered 

on engineering projects, their artificial strengthening is required. Vast 

literature is available in the state-of-art for improvement of soils and 

stabilization techniques (MIT 1952; USNAEC 1969; ASCE 1978; ASCE 1982; 

etc.). To stabilize weak sandy deposits, the method of artificial cementation 

is becoming increasingly popular. The addition of a small quantity of 

cementing material such as Portland cement substantially improves the 

engineering properties of sands. 

Soil-cement material is a mixture of aggregate, cement, and water. 

Cementation is a term given to describe the coherence and welding between 

the cement and soil particles at their contact points. Naturally cemented soils 

are found in many areas of the world and the range of cementation can be 

broad; it may be essentially undetectable or very substantial. Cementation 

occurs due to two different phenomena: (1) welding between particles at their 

contact points due to the internal heat at the time of deposition (e.g. volcanic 

flow or ash deposits) or due to prolonged pressure at points of contacts 

between grains (Lee 1975); (2) presence of cementing agents like silica or 

siliceous cement, calcium carbonates or calcareous cement, clay or argillaceous 

cement, and iron-bearing minerals or ferruginous cement (Krynine and Judd 

1957). Recent studies indicate that the observed time-dependent strength gain 

in sand deposits might be a consequence of such cementation (Mitchell and 

Solymar 1984). The presence of these agents is usually the results of different 



23 

phenomena such as weathering, precipitation during ground water flow, or 

water-table fluctuations. 

Cemented sands are found in many geological environments around the 

world. They are held together by various types of cementing agents. Some of 

the locations where cemented soils exist are reported here. In California and 

Oregon, cliffs of weakly cemented sands as high as 330 ft (100 m) are found 

along most of the Pacific Coast (Clough et al. 1981). They are also found in 

the deposits of the Western and the Southwestern Unites States and Mexico 

(Hamel 1973; Beckwith and Hansen 1982). Other areas include the Arabian 

Peninsula (Fookes and Higginbottom 1980; Oweis and Bowman 1981), the 

Indian Continental Shelf (Datta et al. 1982), South and South West Africa 

(Netterberg 1982), Western Australia (Bering~n et al' 1982), Midwestern 

United States and China (Close and McCormick 1922), Central Guatemala 

(Harp et al. 1978; Sitar and Clough 1979), some parts of Japan (Yamanouchi 

et al. 1977), the Andes of Ecuador and Colombia (O'Rourke and Crespo 1988), 

and extensive areas of Western and Central Europe (Rad and Clough 1982). 

Artificially cemented soils are used in several man-made applications such 

as earth dam embankment protection, channel bank stabilization, grade control 

structures, etc. (Fermawi 1987). Cementation is used in these projects because 

it plays an important role in improving the behavior of relatively loose and 

weak sand deposits. An understanding of the effect of low to moderate 

degrees of cementation under static and dynamic loads is therefore of 

significant interest in the field of geotechnical engineering. 

The stress-strain and strength behavior of frictional materials is influenced 

by the presence of cementation. The pre-failure behavior of cemented soils is 

characterized by high values of stiffness and peak strength. However, collapse 

of the bonding structure is accompanied by very large deformations, and 
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partial (or sometimes complete) loss of strength. Recently, significant amount 

of research has been conducted to investigate the behavior and properties of 

cemented soils (e.g. Dupas and Peeker 1979; Cough et al. 1981; Lade and 

Overton 1989). These studies have examined the effects of cementation on a 

number of engineering characteristics of soils such as their peak and residual 

strength, their stress-strain relations, and their elastic properties under static 

and dynamic loads. Further discussion on this is presented in chapter 3 of this 

dissert~tion. 

The engineering properties of cemented sands have been examined under 

static and dynamic loading conditions. However, general modeling techniques 

and methods that incorporate damage of the internal structure of cemented 

soils under general stress conditions have not yet been developed. Moreover, 

the mechanism of the internal changes of cemented soils remain largely 

unknown. Furthermore, due to significant surface initiated failure effects 

(Yukutake 1989), the ''usual'' 2:1 height to diameter ratio may result in the 

recording of a structural rather than material behavior. The deterioration that 

takes place along the surface of the specimen during testing is referred to as 

the phenomena of surface initiated failure. The deterioration along the 

surface advances inward and eventually results to the failure of the specimen. 

In this study, the reevaluation of the testing technique is performed by 

conducting a series of laboratory experiments on cemented sand specimens 

with varying slenderness ratios (height to diameter ratios). Furthermore, an 

elastoplastic model is developed for the material of soil-cement within the 

framework of the theory of plasticity and the theory of mixtures. The 

mathematical model formulation, determination of the model parameters, and 

verification and successful prediction of observed experimental data are 

presented in this dissertation. 
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2. SCOPE AND OBJECTIVES OF PRESENT STUDY 

This work examines the behavior of cemented sands under static loading 

conditions. Moreover, this study deals with the formulation, parameters 

determination and verification of a generalized constitutive model using the 

theory of plasticity and the theory of mixtures. The discussion in this study is 

formulated for cemented sands only. The objectives of this study are 

summarized as follows: 

1. To develop an experimental program to examine the shape effects 

and provide the stress-strain and strength characteristics of cemented 

sands. 

2. To analyze the observed experimental behavior and subsequently 

model it. 

3. To develop a constitutive model, using the theory of mixtures, which 

is capable of simulating the behavior of cemented soils. The first 

stage involves the development of independent constitutive models, 

using the theory of plasticity, for the soil phase and the cement 

phase. The second stage consists of assembling these models with 

the aid of the theory of mixtures. 

4. To develop a method to determine the material parameters of each 

phase using simple laboratory test results. 

5. To verify the proposed constitutive model by back-predicting 

experimental results on cemented sands with various cement contents 

and confining pressures. 

Chapter 3 describes reported studies on the behavior and engineering 

properties of cemented soils under both static and dynamic loading. Some 

elastoplastic models for cemented soils are also presented in chapter 3. 
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The proposed experimental program to examine the slenderness effects on 

the behavior of cemented sands is presented in chapter 4. Discussion and 

analyses on the effects of the cement content and the confining pressure on 

cemented sands are also furnished in chapter 4. 

Chapter 5 describes the mathematical formulation and development of the 

proposed constitutive model. A fair amount of work and analysis is provided 

for the individual phase models. 

Chapter 6 characterizes various steps that are connected in the evaluation of 

the material parameters. 

Verification of the model with respect to laboratory test data with various 

cement contents and confining pressures is demonstrated in chapter 7. 

Finally, an overall view of the current undertaking and the conclusions 

reached in this investigation along with recommendations for other extensions 

and modifications are pointed out in chapter 8. 
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3. REVIEW OF THE UTERATURE 

This chapter is divided into four sections. Section 3.1 contains a general 

review of the properties and applications of cemented soils. Section 3.2 

presents the geotechnical characteristics of cemented soils under static and 

dynamic loading. Some of the constitutive models for the material of soil

cement are provided in section 3.3. Finally, a critical review of the material 

behavior is presented in section 3.4. 

3.1 Background 

Soil-cement is a mixture of the soil material, measured amount of cement, 

and measured amount of water. Recently, artificial cementation has became 

one of the most widely used forms of soil stabilization for highways. More 

than 100,000 miles (160,000 km) of equivalent 24 ft (7 m) wide pavement 

using soil-cement have been constructed (ACI 1990). Soil-cement is used 

primarily as a base course for roads, streets, airports, shoulders, and parking 

areas (PCA 1979). 

According to Portland Cement Association (PCA), there are three types of 

soil-and-cement mixtures: 

1. Soil-Cement, which contains sufficient cement to withstand 

laboratory freeze-thaw and wet-dry tests and contains sufficient 

moisture to permit adequate compaction. 

2. Cement-Modified Soil, which is an unhardened or semi-hardened 

mixture of soil and cement. When relatively small quantities of 

cement and moisture are added, the chemical and physical 

properties of that soil material are improved. 
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3. Plastic Soil-Cement, which is a hardened mixture of granular soil 

material and cement that contains, at the time of placing, 

sufficient water to produce a consistency similar to that of a 

mortar. 

For the purpose of this study, all compacted mixtures of soil and cement are 

classified as soil-cement or cemented soils. 

The water in soil-cement serves two purposes: (1) it helps to obtain the 

desired density; and (2) it is necessary for cement hydration. As the cement 

hydrates, the mixture hardens and becomes a structural material. Since soil

cement is a structural material, it posses engineering properties of a magnitude 

dependent primarily on the type of soil, curing condition, and age. Practically, 

all soil types can be hardened with cement; on the other hand, specifications 

for concrete require a well defined blend of coarse and fine aggregates, 

generally with no more than 2 percent of material passing a No. 200 sieve. 

This is one of the differences between concrete and soil-cement. Another 

significant difference between concrete and soil-cement is the manner in 

which the aggregates or soil particles are held together. A concrete mix 

contains sufficient paste to coat the surface area of all aggregates and fill the 

void between aggregates. In soil-cement mixtures, the paste is insufficient to 

fill the aggregate voids, and coat all particles, resulting in a cement matrix 

that binds the uncemented material (Adaska 1991). 

On the basis of gradation, soil materials for soil-cement can be classified 

into three broad groups (PCA 1979): 

1. sandy and gravelly materials with about 10% to 35% of silt and 

clay combined. This type of soil has the most favorable 

characteristics and generally require the least amount of cement 

for adequate hardening. 
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2. sandy materials deficient in fines, such as some beach sands. This 

type of soil makes good soil-cement, although the amount of 

cement needed for adequate hardening is slightly greater than with 

the materials in the first group due to poor gradation and the 

absence of fines in these sands. 

3. silty and clayey soils. This type of soil makes satisfactory soil

cement; however, the more clayey the soil, the higher the cement 

content needed to harden it adequately. 

Cemented soils; therefore, can be divided on the basis of their structure 

into: contact bound structure and void bound structure (Figure 3.1). In the 

contact bound structure, the individual particles are cemented at points of 

contact and the voids are open. The void boun~ structure has the voids filled 

by smaller particles and the cementing agents. Void bound structure is more 

stable than the contact bound structure and it is characteristic of soils 

containing high percentage of silt and clay size particles. Contact bound 

structure is found in soils with predominately sand size or greater size 

particles. The contact structure can lose strength suddenly at low confining 

pressures if the bonds between the particles are broken. The cemented sands 

described in this project exhibit the contact bound structure. Figure 3.1a 

exaggerates how far apart soil particles are, so that the cementation bonds at 

the contact points can be clearly observed. 

The properties of soil-cement are influenced by several factors, including: 

type of soil, cement and water content, compaction, uniformity of mixing, 

curing conditions, and curing period. In the construction of soil-cement, the 

objective is to obtain a thoroughly mixed, adequately compacted, and cured 

materials. Construction methods involve (PCA 1979): (1) spreading cement 

and mixing; (2) applying water and mixing; (3) compacting; (4) finishing; and 

(5) curing. Many project specifications have allowed contractors to choose 
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from two methods (Dinchak 1984): 

1. Mix-in-place procedures using various traveling machines that 

both pulverize and mix in-situ soil material with cement and 

water. 

2. Central plant procedures using a stationary pugmill or other 

continuous-type mixer that combines the cement and water with 

soil. 

(a) (b) 

Figure 3.1 - Types of Cemented Soil Structures: (a) Contact Bound Structure, 
and (b) Void Bound Structure, After Sowers (1979) 

In the mix-in-place soil-cement con~truction, the' overall quality' of the 

mixed materials can be affected by several factors (Mueller 1991): 

1. accuracy in spreading cement and applying water on the in-place 

soil material. 

2. the number of passes required to thoroughly mix the soil, cement, 

and water into a uniform material. 

The mix-in-place process is used for smaller projects and especially when the 

in-situ soil is used. 
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Soil-cement was first developed as a means to stabilize soils in the 1930's 

(Adaska 1991). However, it was first seriously considered as slope protection 

for earth dams in 1947 (Wilder 1975). The U. S. Bureau of Reclamation 

(USBR) initiated a major research effort to study the suitability of soil

cement. Based on laboratory studies that indicated soil-cement made with 

sandy soils could produce a durable erosion-resistant facing, the USBR 

constructed a full scale test-section in 1951. A test-section location along the 

southeast shore of Bonny Reservoir in eastern Colorado was selected because 

of severe natural conditions created by waves, ice, and more than 100 freeze

thaw cycles per year. After 10 years of observing the test-section, the USBR 

was convinced of the suitability of the material of soil-cement in 1961. Since 

1961, more than 300 major soil-cement slope protection projects have been 

built in the United States and Canada (ACI 1990). 

The largest soil-cement project worldwide was completed in 1979 which 

involved 1.2 million cubic yard (918,000 m3) of soil-cement slope protection 

for a 7000-acre (28 million m2) cooling water reservoir at the South Texas 

Nuclear Power Plant near Houston (Adaska 1991). Soil-cement has been used 

successfully as slope protection for channels exposed to lateral flow. For 

example, from 1983 to 1988, over 50 soil-cement slope protection projects 

were constructed in Tucson, Arizona (Adaska 1991). 

Soil-cement has served as a low permeability lining material for over 30 

years. One of the largest soil-cement-lined projects is Lake Cahuilla, a 

terminal-regulating reservoir for the Coachella Valley County Water District 

irrigation system in Southern California. Completed in 1969, the 135 acre 

(546,000 m2) reservoir bottom has a 6 in. (15 cm)thick soil-cement lining, 

and the sand embankments fOrming the reservoir are faced with 2 ft (0.6 m) 

of soil-cement normal to the slope. In addition to water-storage reservoir, 
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soil-cement has been used to line waste water treatment lagoons and solid 

waste landfills (ACI 1990). 

Soil-cement has been used as a massive fill to provide foundation strength 

and uniform support under large structures. In Koeberg, South Africa, for 

example, soil-cement was used to replace an approximately 18 ft (5.5 m) thick 

layer of medium-dense, liquefiable saturated sand under two nuclear power 

plants. An extensive laboratory testing program was conducted to determine 

static and dynamic design characteristics, liquefaction potential, and durability 

of the soil-cement. Results showed that by adding only 5 percent cement 

content by dry weight, cohesion increased significantly, and it was possible to 

obtain a material with enough strength to prevent liquefaction (Dupas and 

Peeker 1979). Also, soil-cement was used instead of a deep foundation for a 

38-story office building in Tampa, Florida which was completed in 1980 (ACI 

1990). 

For over 60 years, soil-cement has proved its effectiveness as a base 

material for pavements. Today, it is being used for various applications. In 

the mid 1970s, the mixed-in-place cement slurry stabilization techniques were 

extended by the Japanese for use in offshore applications (Okumura and 

Terashi 1975; Terashi and Okumura 1979; Kawasaki et aI. 1981; Terashi and 

Tanaka 1981; Suzuki 1982). Preliminary laboratory tests sponsored by Global 

Marine have indicated that the Alaskan Beaufort Sea soils can be sufficiently 

strengthened by deep mixing method even under Arctic temperature conditions 

(Quigleyet ale 1985; Nidowicz and Bruggers 1986). 
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3.2 Geotechnical Properties of Cemented Soils 

Small amounts of cementation in sands have been traditionally neglected in 

design work in geotechnical engineering as a conservative approach. However, 

recent work has shown that the stability of slopes can be dramatically 

enhanced and influenced by the presence of cementation. Also, several studies 

have demonstrated that the resistance of sands to liquefaction is increased by 

the presence of cementation (Rad and Clough 1982). Therefore, understanding 

the behavior of cemented soils under static and dynamic loading conditions is 

of significant interest in the field of geotechnical engineering. 

This section is devoted to describe some of the studies, which were reported 

by researchers, on the behavior and engineering properties of cemented soils 

under both static and dynamic loading. The discussion that follows refers 

strictly to effective stress measures. The summary and conclusions from these 

studies are given at the end of this section. 

Many researchers made an effort to investigate the behavior of naturally 

cemented soils (Saxena and Lastrico 1978; Frydman et al. 1980; Sitar et al. 

1980; Bachus et al. 1981, O'Rourke and Crespo 1988). The conventional 

geotechnical methods for obtaining samples from the field (split spoon and 

tubes) for laboratory testing were not successful. Bachus et al. (1981) 

reported that about 50 percent of samples could not be removed from the tubes 

without breaking the bonds between the cementing agents and the sand grains. 

Also, they found that the dry densities of all of the samples obtained by 

conventional procedures were generally different from those obtained by the 

block sampling technique. In the block sampling method, block samples are 

cut from trenches or slope exposures in the field and they are 'trimmed with 

extreme care in the laboratory for testing. 
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Due to the difficulty in obtaining undisturbed samples from the field and 

also due to the inherent variability of the natural material, some inconclusive 

results were obtained from some studies on naturally cemented soils (Saxena 

and Lastrico 1978; Frydman et al. 1980). Artificially cemented soils are used, 

instead, to simulate the behavior of naturally cemented soils because of greater 

control on the variables as well as the capability of producing samples with 

reproducible behavior (Boey and Carter 1989). Bachus et al. (1981) performed 

some in-situ tests such as Standard Penetration Test (SPT) and Cone 

Penetrometer Test (CPT). They found that these tests can not be used since 

these tests are not capable of distinguishing the' effects of density and 

cementation. 

3.2.1 Static Behavior of Cemented Soils 

Wissa et al. (1965) tested cemented soils in undrained triaxial tests with 

pore pressure measurements with consolidation pressures up to 870 psi 

(6000 kPa). The two soils used in their investigation were Massachusetts 

clayey silt and Vicksburg Buckshot clay. Test specimens were 3.15 in. 

(8.0 em) long and 1.405 in. (3.6 cm) in diameter. They found that the Mohr

Coulomb effective angle of shearing resistance, <p, is independent of curing 

time, whereas the effective cohesion intercept is a function of curing time. 

They also found that increasing the cement content causes the friction angle to 

increase. Brittle failure was observed for cemented soils at low confining 

pressures. With large confining pressures, the material behavior was ductile, 

hence, at large strains, the mechanical cementation is destroyed completely. 

The material reaches a condition at which the shear stress remains constant 

with further straining. At this condition, the effective stress envelope has a 

zero cohesion, and a residual friction angle, <Pres' which is greater than the 

residual friction angle of untreated soils. 
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Wissa et al. (1971) tested Massachusetts clayey silt stabilized with Portland 

cement Type I under undrained triaxial compression tests with pore pressure 

measurements. They found that the effective peak friction angle, tP, is not 

affected by cement content; however, the residual friction angle, tPres , 

decreases with decreasing cement content. They also found that the Mohr

Coulomb cohesion decreases with decreasing cement content. In addition, they 

found that the pugmill mixer yields the same mixing quality as the hand

mixing qUality. However, the main factors controlling the mixing quality is 

the state of the soil prior to adding the cement. Furthermore, they reported 

that hot-cured samples are stronger than cold-cured samples, all other 

conditions being the same. The effective cohesion was considerably higher for 

hot-cured samples compared to the cold-cured. samples; however, they both 

had the same effective angle. 

Saxena and Lastrico (1978) studied the static properties of naturally 

cemented soils, called Vincetown Formation. This formation is located on the 

East bank of the Delaware River, within the New Jersey outer coastal plain. 

They performed consolidated undrained triaxial compression tests with pore 

water pressure measurements on samples having length to diameter ratios 

greater than two. They found that most of the stress-strain curves are linear 

up to 1 % strain; however, after this point, the cementation starts to break and 

the contribution of the frictional component begins. Also, they observed that 

high consolidation pressures (83 psi (575 kPa)) alone can cause a breakdown 

of cementation in weakly cemented soils, and therefore, the frictional 

component of strength becomes predominant. The test results indicated no 

clear relationship between density and strength due to the variation of 

cementation. 
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Dupas and Pecker (1979) used cemented sand to obtain a strong foundation 

material. They performed static consolidated drained triaxial tests and 

undrained stress-controlled cyclic triaxial tests on cemented treated sands. 

They used cement content of 5%, 7%. and 9% by dry weight of sand, and their 

samples were 1.5 in. (3.8 em) in diameter and 3.1 in. (7.9 cm) in length. 

Based on the static drained triaxial tests with small range of confining 

pressure (14.5 psi (100 kPa) - 72.5 psi (500 kPa» and assuming straight line 

envelopes. it was concluded that the angle of shearing resistance does not 

change Significantly. whereas cohesion increases considerably with the 

increase in cement content and curing period. 

A study on the behavior of natural weakly cemented sands from Stanford 

Linear Accelerator site and along the Pacific Coast was undertaken at Stanford 

University. The project is described in a number of reports such as Sitar et al. 

(1980), Bachus et al. (1981), and Rad and Cough (1982), and summarized in 

a number of published papers such as Cough et al. (1979), Sitar and Cough 

(1979), Cough et al. (1981). Sitar and Cough (1983), and Rad and Cough 

(1985). Unconfined compression and drained triaxial compression tests were 

conducted to determine the soil response under compressive stresses. Figure 

3.2 shows that the post-peak response is highly dependent on the degree of 

cementation and the confining pressure in naturally cemented soils. The 

strongly cemented soils shows a brittle failure behavior (Figure 3.2a), whereas 

the moderately- and weakly-cemented soils have a transitional response from 

brittle failure modes to ductile failure modes as confining pressure increases. 

The transition from brittle failure modes to ductile failure modes is due to the 

relative contributions to the material response by the cementation and the 

frictional components of the deformati'on resistance mechanism. Figure 3.3 

shows typical stress-strain curves for artificially cemented sands with 4% 

cement content and 2% cement content (% by dry weight of sand). The 

behavior of artificially cemented sands can simulate the behavior of naturally 
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cemented sands as shown in Figures 3.2 and 3.3. They also found, from 

brazilian tension tests, that the tensile strength of cemented sands ranges 

between 10% to 14% of the unconfined compressive strength. Therefore, the 

failure envelope in the tensile region is curved to reflect that strength is less 

than would be by extrapolating the straight line of the compression envelope. 

This form of the envelope is consistent with tharreported by Mitchell (1976). 

The friction angles for cemented and uncemented sand were found to be the 

same indicating that the cement basically gives the soil cohesion or unconfined 

compressive strength and tensile strength. Figure 3.4 shows that increasing 

density and/or packing increase the strength parameters of cemented sands 

(both friction angle and cohesion). 

Saxena et aI. (1988a) presented the results of the experimental program 

which was initiated at the lllinois Institute of Technology (IIT) from 1983 

through 1985. Drained triaxiaI tests, unconfined compression tests, and 

brazilian tension tests were performed on artificially cemented sands. 

Monterey NO. 0 sand and Portland cement Type I (cement contents of 2%,5%, 

and 8% by dry weight of sand) were used to examine. the effect of 

cementation. The height to diameter ratio for the uncemented and cemented 

samples was between 2 and 3. They observed an increase in the angle of 

shearing resistance and the cohesion with an increase in the cement content. 

They also observed that the residual strength of the uncemented sands was 

slightly lower than the corresponding one for the cemented sands at the same 

relative density and confining pressure. Figure 3.5 shows stress-strain and 

volumetric response for 2% cement content for relative density of 43%. 
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Figure 3.2 - Typical Stress-Strain Curves for Naturally-Cemented Soils: (a) 
Strongly Cemented, (b) Moderately Cemented, and (c) Weakly Cemented, 
After Clough et al. (1981), (1 psi = 6.9 kPa) 
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Figure 3.3 - Typical Stress-Strain Curves for Artificially-Cemented Sands: 
(a) 4% Cement, and (b) 2% Cement, After Clough et al. (1981), (1 psi = 
6.9 kPa) 

-------- . ~ --.-- .. ~.-.. 



E 160~--~---r--~--~--~ 
..... 
Z 
"" c: 
i l40 .. 
~ .. c 
~ 120 
o 
·iii .. 
.:: o 
U IOO~--~--~--~--~~~ 

50 60 100 

'" .. .. 
go 38 
o 
.s 
-& 34 
c: 

oCt 
c: 

.S! 

.~ 30 
~ 

Relative Density, Or, in Percent 

26~·~~~--~--~---9~0~~IOO 

Relative Density, Dr, in Percent 

40 

Figure 3.4 - Variation of Friction Angle and Cohesion Intercept with Relative 
Density for 4% Cement Specimens, After Clough et al. (1981), (1 psi = 
6.9 kPa) 

Lade and Overton (1989) studied the effect of cementation on the behavior 

of frictional materials. Consolidated-drained triaxial compression tests were 

performed on cemented sands (cement contents of 0%, 6%, and 12% by dry 

weight) with confining pressures from zero to 1500 psi (10.3 MPa). The 

samples were 1.4 in. (3.6 em) in diameter and 4 in. (10.2 cm) in length. The 

test data showed that the initial modulus increases with an increase in the 

amount of cementation and with an increase .in the confining pressure. Also, 

they found that the strain to failure increases with confining pressure and 

decreases with increasing the de~ee of cementation. Figure 3.6 shows the 

stress-strain and volumetric curves for the soil-cement (6% cement content). 

The peak values of the stress-strain curves were used to construct the Mohr 
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failure envelopes as shown in Figure 3.7. They found that the cohesion 

intercept and the extrapolated tensile strength increase with increasing cement 

content. Also, the friction angle in the low-stress range was found to be 

higher for high degree of cementation. 

This short review presents just a part of the research on the static behavior 

of cemented soils, which is related closely to current project. A number of 

other investigators have worked in exploring the behavior and properties of 

cemented soils such as Mitchell and Solymar (1984), Ismael et al. (1986), 

Nagaraj et al. (1986), O'Rourke and Crespo (1988), Boey and Carter (1989), 

Airey and Fahey (1991), Houston and EI-Ehwany (1991), etc. 

3.2.2 Dynamic Behavior of Cemented Soils· 

The dynamic behavior is presented here for completeness. The potential 

importance of cementation on liquefaction was noted by Seed (1976), who 

concluded that welding at points of contact between particles could account for 

an additional degree of resistance to liquefaction. 

Salamone et 31. (1978) noted that the effect of cementation on the 

liquefaction potential was far greater than that of other parameters such as 

relative density and percent passing U.S. sieve No. 200 for natural weakly 

cemented soil samples of Vincetown Formation of New Jersey. 

Dupas and Peeker (1979) performed stress-controlled cyclic triaxial tests on 

saturated soil-cement samples. They showed that saturated soil-cement 

samples withstood "severe" dynamic loading and eliminated the possibility of 

liquefaction. Poulos (1980) noted also that cementation does increase the 

liquefaction resistance of the soils. 
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Figure 3.5 - Stress-Strain and Volumetric Response of Uncemented and 
Cemented Sands, After Saxena et ale (1988a), (1 psi = 6.9 kPa) 
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After Lade and Overton (1989), (1 psi = 6.9 kPa) 
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Rad and Cough (1982) found that a small amount of cementation increases 

the liquefaction resistance of sands. Also, they found that increasing the 

relative density decreases the liquefaction susceptibility. Their explanation for 

extra resistance against liquefaction was that cementation increases the soil 

stiffness and strength, especially at low effective stress levels where 

liquefaction phenomena develops. 

EI-Tahir (1985) and Acar and El-Tahir (1986) investigated the low strain 

dynamic properties of cemented Monterey No. 0/30 sand. They found that the 

specimen preparation method affects the strength parameters of artificially 

cemented specimens. They found that cementation increases the dynamic 

shear modulus of soils. Moreover, they found cementation (1 - 4% by weight 

were used in their studies) leads to a decrease in damping ratio at all levels of 

strains. 

Saxena et ale (1988b, 1988c) performed cyclic triaxial and resonant column 

tests on artificially cemented specimens. They found that the dynamic 

modulus and cyclic strength increase with the increase of density, confining 

pressure, cement content, and curing time. They found that damping ratio 

decreases as the confining pressure decreases. They also found that damping 

ratios are not significantly affected by changing initial void ratio or curing 

period. They observed that damping ratios initially increase and then decrease 

as cement content increases from 0 to 8%. Similar increases in the damping 

ratios obtained by increasing the amount of cement was observed by Chiang 

and Chae (1972), and Chang and Woods (1988). 

This short review presents just a part of the research on the dynamic 

behavior of cemented soils. Other investigators such as Frydman et ale (1980), 

Sitar and Cough (1983), Cough et ale (1989), Chang and Woods (1992), etc. 



45 

have studied the dynamic behavior of cemented soils and reported similar 

findings as noted above. 

3.2.3 Summary 

Useful infonnation can be extracted from the above studies; however, 

contradiction in experimental observations have also been reported. A 

summary of the studies is addressed herein. 

Researchers used artificially cemented soils to simulate the behavior of 

naturally cemented soils. The response of naturally and artificially cemented 

soils is a function of the level of cementation and confining pressure. 

Cementation adds tensile strength and cohesion to granular soils; thus 

cemented soils are, in general, described to be cohesive-frictional material 

with softening behavior. Furthermore, the main factors that affect the 

behavior of cemented sands are the degree of cementation, the method of 

preparation of specimens, the relative density, confining pressure, curing 

condition, and cUring period. Increasing the confining pressure of cemented 

soils decreases the brittleness, volumetric expansion during drained triaxial 

tests, and negative pore water pressure build-up in the samples during 

undrained triaxial tests. However, increasing the confining pressure increases 

the strength and the initial tangent modulus of cemented soils. The stress

strain relation of cemented soils is brittle at low confining pressures and 

ductile at large confining pressures. Increasing the cement content increases 

the stiffness and brittleness. Also, dilation rates increase with the amount of 

cementation at the post-peak deformation range. The residual strength 

increases with increased cementation. Furthermore, increasing the relative 

density increases the friction angle and cohesion intercept of cemented soils. 



46 

From dynamic tests, the dynamic shear modulus for cemented soils is larger 

than the shear modulus for uncemented soils. Moreover, the dynamic modulus 

and cyclic strength increase with an increase of density, confining pressure, 

cement content and curing time. Hence, a small amount of cementation 

increases the liquefaction resistance of the soil material. 

On the other hand, there exist some variations on the the effect of 

cementation on the peak friction angle and the damping ratio. Some 

researchers have reported increased values of the peak friction angle due to 

cementation (Wissa et al. 1965; Saxena et al. 1988a; Lade and Overton 1989), 

while others (Clough et al. 1981; Wissa et al. 1971) found no effect of 

cementation on the peak friction angle. In addition, some investigators 

observed a decrease in the damping ratios due to cementation (El-Tahir 1985; 

Acar and El-Tahir 1986), while other studies showed an initial increase and 

then a decrease as cement content increases (Saxena et al. 1988b, 1988c). 

3.3 Constitutive Models for Cemented Soils 

In recent years, a number of constitutive models were developed for 

geological materials using the theory of plasticity. These materials require 

special attention in constitutive modeling since they are three-phase, 

frictional, and stress path dependent materials. Extensive review on the 

models can be found in Desai and Siriwardane (1984), Scott (1985), Chen and 

Han (1988), Abdulla (1990), and in the prOceedings of several conferences and 

workshops dealing with the subject. Even though there is a great number of 

constitutive models which describe the behavior of frictional material, there is 

only a limited number of constitutive models in the literature that describe the 

behavior of cemented soils. In this section, two constitutive models for 

cemented soils are presented briefly herein. Also, a constitutive model for 

concrete by Ortiz is presented. 
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A constitutive model was developed by Hirai et al. (1989) to reproduce the 

elastic-plastic behavior of improved sandy soils subjected to monotonic 

loading. The failure surface in this model is expressed in a form: 

F = ~J2D + c.o R(a) i l
lX = 0 (3.1) 

where c.o and a are failure material parameters, and j 1 and J2D are defined by 

the following relations: 

i1 = O'kk + 3 fi 
1 

J2D = '2 Sij Sji 

1 
Sij = O'ij - 3' O'tt &j 

(3.2) 

(3.3) 

(3.4) 

where fi denotes the isotropic tensile strength, and ~j is the Kronecker delta. 

The variable a, which denotes an angle similar to Lode angle on the octahedral 

plane. The function R(a) describes the shape· of the failure surface on the 

octahedral plane. In the above equations, the usual tensorial convention is 

employed. Repeated indices imply summation. 

One shape of the yield surface used in this study is given by the follOwing 

equation: 

(3.5) 

where Kl is an isotropic hardening function and FpTL = 0 is the phase 

transformation surface where plastic volumetric strain changes from 

compression to expansion. The yield function (equation 3.5) is employed in 

the region where FPTL < O. However, when the stress state is beyond the 

phase transformation surface, the other shape of the yield surface is given by: 

f2 = ~J2D + ~ R(a) j11X = 0 FPTL ~ 0 (3.6) 

where '1C2 is another hardening function. 

Non-associative plasticity flow rule is adopted in the incremental plasticity 

theory for this model. The plastic potentials, gl and g2' corresponding to 



equations 3.5 and 3.6 are written as follows: 

gl = g2 = g = J2d/R(9)2 + 11 j l21l + h jIll = 0 

where 11 is a material parameter and h is a hardening function. 
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(3.7) 

Comparison between experimental data (drained tests) and model prediction 

is shown in Figures 3.8 and 3.9. The notation "a" indicates the stabilizing 

material content added to a unit volume of soil. 

Pekau and Gocevski. (1989) presented a two-surface constitutive model for 

cemented sands. The model is based on theory of bounding surface plasticity 

(Dafalias and Popov 1975, 1976; Mroz et ale 1978) and incorporates a non

associative flow rule. The model represents an extension of the model 

proposed by Poorooshasb and Pietruszczak (1985). The constitutive model 

concept is based on the follOwing assumptions: 

1. An active loading surface process imposed upon virgin material 

results in the creation of a so-called "b,ounding surface. II 

2. The yield surface, enclosing the domain of elastic response. is 

permitted to rotate and translate within the bounding surface. 

3. The hardening modulus of the material varies along the stress path 

from its initial value at first stress reversal to a prescribed value 

on the bounding surface. 

4. Plastic flow is governed by a non-associated flow rule that implies 

the existence of a potential function which differs from the yield 

surface. 

Comparison between experimental data (Clough et ale 1981) and the model 

prediction is displayed in Figure 3.10. 
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A constitutive model using the theory of mixtures is developed for concrete 

(Ortiz and Popov 1982; Ortiz 1985, 1987). In this model, concrete is viewed 

from the outset as a composite material or mixture comprising two phases: 

mortar and aggregates. In this context, the inelastic behavior of concrete is 

the result of three factors: the material behavior of mortar, the material 

behavior of aggregates, and the interaction between mortar and aggregates. A 

new rate-independent damage model is developed for the mortar phase with a 

softening rule which is embedded within the formulation. For granular 

material, the use of the DrUCker-Prager failure criterion is used with non

associative plastic flow rule. Figure 3.11 shows comparison of triaxial stress

strain curves obtained by the model and the tests by Balmer (1949). The tests 

demonstrate the effect of confining pressure (negative in Figure 3.11) on the 

stress-strain and strength response of concrete. 

3.4 Critical Review of the Material Behavior 

The mechanical behavior of cemented sands has to be understood in order 

to develop a constitutive model for it. In this section, the components of shear 

strength of cemented soils are discussed. Also, the reasons for the brittle or 

ductile failure modes for different confining pressures are described. In 

addition, the surface initiated failure effects on the strength of cemented soils 

are discussed in details here. 
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The strength behavior of cemented frictional materials may be considered 

to be composed of the following major components: cementation (resulting in 

cohesion and tensile strength), basic friction, dilation, particle crushing and 

particle rearrangement. Cohesion includes any natural or artificial 

cementation or interparticle bonds. The friction, dilation, and particle 

crushing and particle rearrangement are difficult to distinguish; therefore, they 

are usually considered to constitute the frictional resistance of soils (Saxena 

and Lastrico 1978; Saxena et al. 1988a). Therefore, the shear strength 

behavior of cemented sands depends upon the contribution of cohesion created 

by cement bonding between particles and the frictional resistance resulting 

from sliding between particles. 

The cohesion portion of the shearing resistance of cemented soils is 

predominant at low strain levels. Beyond certain strain levels, there is a 

progressive breakdown in cementation, and the frictional resistance becomes 

predominant. Under large strains, the shearing resistance is entirely frictional; 
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even though, there are some grains which remain cemented forming coarser 

grains. 

Figure 3.12 shows comparison of stress-strain for uncemented, 2%, and 4% 

artificially-cemented sand samples at a confining pressure of 15 psi 

(103 KN/m2). Also shown are the volume change responses, normalized by the 

volume change at failure. From Figure 3.12, it is observed that the peak 

strength occurs at low strains. Moreover, the peak strength increases with 

degree of cementation and the volume increase during shear is concentrated 

over a smaller strain range and occurs at a lower strain as degree of 

cementation increases. Furthermore, the strain at peak strength mobilization 

decreases with cement content. 
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Figure 3.12 - Stress-Strain and Volume Change Response of Sand with 
Different Cementation Levels, After Cough et al. (1981), (1 psi = 6.9 kPa) 

Figure 3.13 shows the stress-strain curves of the 2% and 4% cement content 

specimens after the stress-strain curves of the uncemented soil has been 
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subtracted for three different confining pressures. The residual strength 

increases with increased cementation. For samples with the same cement 

content, the residual curves have essentially the same peak behavior. The peak 

in these curves corresponds to the full mobilization of cementation bonds. 

Following the peak, the residual stresses decline and approach a small stable 

value at ·large strains. Thus, the residual strength of cemented materials is 

larger than the residual strength of clean (uncemented) material. 

°O~--Z~--4~--~6--~8--~IO 

AXIAL STRAIN - '1'0 

Figure 3.13 - Difference Between Cemented and Un cemented Sand Stress
Strain Response, After Cough et al. (1981), (1 psi = 6.9 kPa) 

Figures (3.2) and (3.3), the stress-strain behavior of naturally- and 

artificially-cemented samples, respectively, show that the failure mode for 

weakly cemented sand is brittle at lower confining pressures and ductile at 

higher confining pressures. The reason for this observed behavior is due to 

the relative contributions of resistance components. At low confining 

pressures, the cementation component is much more significant than the 

frictional component. Since the failure of cementation bonds is brittle, the 
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sand itself exhibits a brittle failure in these pressure ranges. At high 

confining pressures, on the other hand, the frictional component of strength 

becomes dominant for weakly-cemented sands, and a more ductile response is 

observed. However, in the case of a strongly-cemented sands, the cementation 

is the most important component of resistance even at higher confining 

pressures, and thus a brittle failure mode is observed at low as well as high 

confining pressures (Figures 3.2a and 3.3a). 

Wissa et al. (1965) observed that the residual strength showed no effect of 

cementation and they could be described by a single envelope which is 

independent of cementation (zero cohesion). This was explained as a 

consequence of large strains that completely destroy the cementation bonds 

and its effect in the shear zones of the soil; even though, there are some grains 

which are cemented forming coarser grains. Also, they observed that the 

residual friction angle of shearing resistance, <\lres' for cemented soils is larger 

compared to the uncemented soils. Lade and Overton (1989) referred to 

Lambe's (1960) mechanistic picture of the effect of cementation to explain the 

increase in the value of effective angle of shearing resistance of cemented soils 

and the increase in the dilation rate immediately after the peak stress. Lade 

and Overton (1989), based on the mechanistic picture of the behavior of 

cemented soils by Lambe (1960), stated that 'larger effective soil particles are 

cemented together from smaller particles. The larger particles are highly 

interlocked, thus producing greater rates of dilation during shear, and this 

result in higher peak strengths." Lade and Overton (1989) also explained the 

upward parallel movement of the failure surface equal to the cohesion created 

by the cementation in the results obtained by Clough et al. (1979; 1981). 

Their explanation was that sand behaved as single-grained structures with 

local cementation at the grain contacts; therefore, larger particles with a "high 

degree of interlocking did not form in these sands, and subsequently higher 

rates of dilation were not observed. However, a study by Saxena et al. (1988a) 



57 

on Monterey No. 0 sand stabilized by Portland cement Type I shows that an 

increase in the angle of shearing resistance as cement content increases. On 

the other hand, a study by Wissa et al. (1971) on Massachusetts clayey silt 

stabilized with Portland cement Type I shows that effective peak friction angle 

is not affected by cement content. It seems; however, that the value of cppeak 
of cemented soils should not be strongly related to the potential dilatation 

increase in the post-peak deformation. After cementation breakage, larger 

"effective" particles mayor may not be formed which lead to an increase or no 

change in the rate of dilation, respectively. This phenomenon; however, 

should affect the residual value of cp rather than its peak value which is 

measured before significant cementation breakage occurs. Consequently, the 

cementation mayor may not influence the peak friction angle value in spite of 

the structure of the soil-cement material (Figure 3.1). 

The formation of larger effective particles can be easily understood at large 

deformation, where cementation has broken down to large cemented particles 

that resulted from the original 'continuously" cemented mass. However, at 

very small deformations, these large effective particles are not formed and the 

explanation by Lade and Overton (1989) based on Lambe's (1960) mechanistic 

picture may not be used. It is argued that during the early stages of 

deformation, it is a formation of cracks within the cemented mass that causes 

the dilatant behavior of the soil. This explanation is based on the 

experimental study on granite by Yukutake (1989). He tested a number of 

granite samples to examine the anisotropic crack distributions and dilatancy 

behavior by measuring elastic wave velocities in rock during uniaxial and 

triaxial testing. He reported that ''under low confining pressures of less than 

7.8 ksi (54 MPa), extensive dilatancy develops near the surface in comparison 

with the middle portion of a sample. " Also, he observed that axial 

compression of brittle material specimens originates a process of surface 

initiated failure as shown in Figure 3.14. The top figures show the horizontal 
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cross-section at one- third from the top, and the bottom figures express the 

vertical cross-section at the center. The extensive formation of cracks near the 

specimen surface, as presented in Figure 3.14, explains both the experimentally 

observed loss of strength and the intense rate of dilation which seems to be 

caused by the opening of the cracks within the rock mass. While fracturing 

process presented in Figure 3.14 may be different in cemented soils than in 

granite (due to greater continuity of the granite mass), it certainly provides a 

very likely mode of failure that needs to be investigated. This phenomenon 

has also been examined theoretically by Frantziskonis and Desai (1991), and 

Frantziskonis and Vardoulakis (1992), and they referred to it as "surface 

degradation. " 
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Figure 3.14 - Schematic Fracturing Process of Granite Specimen under 
Triaxial Loading, Mter Yukutake (1989) 

Symons (1970) carried out an investigation to examine the effects of the 

shape and size of the specimen upon the unconfined compressive strength of 

cement-treated soils. The average ratios of strength of cylindrical specimen 
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with a slenderness ratio of 2 to the strength of specimens with a slenderness 

ratio of 1 were 0.89, 0.74 and 0.65 for 5.9 in. (15 em), 3.9 in. (10 cm) and 

2 in. (5 em) diameter specimens, respectively. The difference in strength was 

considered to be associated with the effect of the end restraint on the 

specimens by the platens of the testing machine. Furthermore, Yamamoto and 

Miyake (1982) studied the influence of specimens size and shape on the 

unconfined compressive strength of cement-treated soils. They found that as 

the diameter increases from 1.6 in. (4 em) to 5.9 in. (15 em), the unconfined 

compressive strength decreases for samples having the same slenderness ratio. 

They also found that as the slenderness ratio increases from 2 to 11.25, the 

value of compressive strength decreases. Another study was conducted by 

Wang (1988) to examine the shape effects on simulated rock. In his study, he 

examined the effects of changing specimen's diameter and height on the 

strength characteristics of an artificial rock. He found that as the ratio of 

height to diameter of a sample increases, its unconfined compressive strength 

decreases. The results of his study are shown in Figure 3.15. 

The summary of the above studies indicates that as the slenderness ratio of 

the specimens decreases (Le. reduced surface area (Figure 3.16)), the 

unconfined compressive strength increases. A possible explanation for this is 

that a sample of 2:1 height to diameter ratio may be subjected to intense 

surface initiated failure effects and, therefore, the observed experimental 

behavior may not provide the ''true'' material behavior. The phenomenon of 

surface initiated failure (Figure 3.16) is the deterioration that arises along the 

surface of the specimen during loading which advances inward with further 

loading. This continued deterioration eventually causes failure. In cemented 

soils, this is more intense and pronounced for strongly-cemented soils at low 

and relatively high confining pressures, and for weakly-cemented soils at low 

confining pressures. This is because the contribution of cementation, in the 

above cases, to the soil strength is larger and the failure mode is brittle as 
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mentioned earlier. The qualitative conclusions of this are that the "actual" 

softening response is milder, and the dilation rates are smaller than the one 

suggested by the tests on the 2: 1 (height to diameter ratio) samples. 

It is suggested here that an experimental program should be developed that 

examines the shape effects by using smaller slenderness ratios, to minimize 

surface initiated failure effects, in conjunction with lubricated sample ends to 

avoid end effects during testing. 

The residual behavior of cemented soils is affected by the degree of 

cementation. In other words, cementation alters the residual characteristics of 

the material. Also, as mentioned previously, the residual strength of the 

cemented material is larger than the residual strength of the clean 

(uncemented) material. The explanation by Lambe (1960), referred to earlier 

calling for the effects of larger effective particle size, seems to be appropriate 

here. At large deformations, the failure zone within the sample contains 

mainly crumbled cemented soil material, which accounts for larger effective 

particles that result in larger dilation rates and strength when compared to 

uncemented soils. Qualitatively, the same breaking effort creates larger 

crumbles for larger percent of cementation and thus stronger and more dilatant 

behavior. However, larger confinement produces smaller crumbles and thus 

smaller dilation rates. 
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Figure 3.15 - Effect of Specimen Slenderness Ratio on the Stress-Strain 
Curves of an Artificial Rock, After Wang (1988), (1 psi = 6.9 kPa) 
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Figure 3.16 - Schematic Definition of the Degraded Surface of a Specimen 
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4. EXPERIMENTAL PROGRAM 

The testing program is designed to examine the stress-strain-strength 

characteristics of cemented sands. An experimental study is undertaken in this 

project to investigate the effects of specimen slenderness ratio on the behavior 

of cemented sands. Moreover, the tests on cemented sands should furnish the 

necessary information for the development of a constitutive model for the 

material of cemented sands. In this chapter, the effects of slenderness ratio, 

cementation, and confining pressure on the strength parameters and stress

strain relations are explored. 

4.1 Scope and Objectives 

The primary target of. the experimental program is to understand the 

behavior of the stress-strain relations of cemented sands. To examine the 

concern of specimen slenderness on the response of cemented sands, two series 

of tests were conducted: 

1. Unconfined compression tests on specimens with 6 in. (15.2 em) 

diameter and heights of 3 in. (7.6 cm), 4.5 in. (11.4 cm), 6 in. 

(15.2 cm), 9 in. (22.9 em), and 12 in. (30.5 em). 

2. Drained triaxial compression tests were carried out on artificially

cemented sand specimens with 4 in. (10.2 em) diameter and 

heights of 3 in. (7.6 em), 4 in. (10.2 em), 6 in. (15.2 em), and 7.5 

in. (19.1 cm) with confining pressures up to 43.5 psi (300 kPa). 

In this series of tests, the effects of confinement are examined. 

The cementation was limited to 4% cement by total dry weight of cemented 

sands. From these series of tests, indications about the 'appropriate" shape of 
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the specimen (height to diameter ratio) are provided for more 'reliable" stress

strain curves and volumetric responses. 

The percentage of cement content in this study is with respect to the total 

dry weight of the materials of cement and sand combined. U sing the 

slenderness ratio obtained from the above study, drained triaxial compression 

tests were performed on 2% and 6% cement contents with confining pressures 

up to 43.5 psi (300 kpa) to examine the effects of cementation. Furthermore, 

tests were performed on the clean (uncemented) sand in the same confining 

pressure ranges. 

The above experimental program is designed to help understand the 

performance of the material of cemented sands.. It is also expected to produce 

''reliable'' results that can be used to develop a constitutive model for this 

material. 
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4.2 Materials Tested 

The soil that is used in this study is clean sand with grain size distribution 

and index properties as shown in Figure 4.1 and Table 4.1, respectively. The 

stabilizer or the cementing agent is Portland cement Type I-IT (commercial 

grade). 
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Figure 4.1 - Grain Size Distribution Curve for Sand (1 in. = 25.4 mm) 



Table 4.1 - Index Properties of Sand 

Properties 

Unified Oassification 
System (USCS) 

Mean Specific Gravity 

Particle Size Distribution Data: 

Coefficient of Curvature, Cc 

Coefficient of Uniformity, Cu 
Medium Grain Size Diameter, Dso 

Maximum Void Ratio 

Minimum Void Ratio 

Values 

SP 

2.66 

0.76 

2.3 

0.026 in. (0.67 mm) 

0.93 

0.60 

66 
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4.3 Specimen Preparation of Cemented Sands 

The specimen of cemented sands was prepared using the following 

procedure: 

1. A plastic mold was cleaned and five holes of 1/16 in. (0.16 em) to 

1/ 8 in. (0.32 em) were made at the bottom of the mold (one in the 

middle and four along a radius of 2 in. (5.1 em) and 1 in. (2.54 cm) 

for the 6 in. (15.2 cm) diameter and 4 in. (10.2 cm) diameter 

samples, respectively, away from the center of the mold). The 

holes are used to apply air pressure when removing the sample from 

the mold. The internal surface of the mold was coated with oil to 

assist extracting the specimens after curing. 

2. The required amount of sand was weighed and wetted with water 

equal to approximately 2% of the total weight of the sand and 

cement. The purpose of this wetting was to moist sufficiently 

enough sand particles to enable a uniform distribution of cement 

around sand particles when mixing with cement. 

3. The required amount of cement was weighed and was added to the 

wet sand and mixed thoroughly by hand. 

4. The mixture was passed through standard U.S. No. 4 sieve to 

separate aggregated cement lumps which were crushed and 

reintroduced into the mixture. 

5. An additional amount of water, equal to approximately 8% of the 

total weight of the sample was added. The mixing continued until 

the mixture was brought to a "uniform" paste state. 

6. The 'Uniform" paste was poured into plastic molds (containers) 

which had oiled inside surface and had the appropriate dimensions, 

i.e. diameter of 4 in. (10.2 cm) or 6 in. (15.2 em) and the required 

heights. For every 2 in. (5.1 em) of poured material, the specimen 
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was tapped using the standard proctor compaction hammer (S.S lb 

(24.S N) x 12 in (0.30S m) drop). To assure equal energy of 

compaction per volume, the 4 in. (10.2 em) diameter specimens 

were tapped 9 times per 2 in. (5.1 cm) layer, while the 6 in. (1S.2 ) 

diameter specimens were tapped 20 times per 2 in. (S.l cm) layer. 

7. The surface of the specimen was then smoothed. The whole mold 

was then wrapped by aluminum foil for seven days to assure 

minimum loss of moisture. The specimen was then uncovered and 

allowed to dry out for an additional seven days, at which time it 

was separated from the plastic container, by applying air pressure to 

the bottom through the holes, and was ready to be tested under 

compression loads. 

The variables affecting the strength of cemented sands were accounted 

before testing the specimens. For example, the specimens were compacted in 

layers of equal thickness to assure equal densities of the specimens. Also, the 

curing time was 14 days. A study by Sitar et ale (1980) showed that the ratio 

of the unconfined compressive strength of a sample tested after 10 days to 

that tested after 28 days was 0.80. Therefore, it was decided to use 14 days 

old samples for this investigation. Water content was kept at 10% because it 

created a mixture which was gentle to manage and was sufficient for 

hydration of cement. 

4.4 Tests Performed 

Two types of tests were conducted: (1) unconfined compression test, and 

(2) drained triaxial compression test. A detailed description of these tests can 

be found in any geotechnfcallaboratory manual; however, a brief summary 

and some alterations are mentioned in this section. 
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Figure 4.2 displays the unconfined compression test with vertical and 

lateral deformation measurements. Tests were carried on 6 in. (15.2 cm) 

diameter samples with different slenderness ratios. The vertical deformation 

gauge was set to measure deformation along the direction of the applied axial 

load; while two lateral deformation gauges were set at mid-height of the 

specimen to measure lateral expansion perpendicular to the direction of 

applied load. An additional lateral deformation gauge was sometimes placed 

at one-third height from the bottom end of the specimen to check bulging. 

Vertical 
Deformation 

Gauge AXi~,oa .d_---, 

r--""'----___ U, .......- Teflon 
Sheet 

6" Cylindrical 
Sample 

Lateral 
Defonnation 
I Gauge , 
/ 

Teflon 
Sheet . 

Figure 4.2 - Unconfined Compression Test 

Figures 4.3 show the triaxial test apparatus, the most common and 

versatile test used to determine the stress-strain properties of soils. A 

cylindrical specimen of soil is first subjected to a confining pressure (Jc which 

stresses equally all surfaces of the specimen. In the Conventional Triaxial 

Compression (erC) tests, the axial stress is increased by A (Ja until the 

specimen fails. Since there are no shearing stresses on the sides of the 
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cylindrical specimen, the axial stress O'c + Il. O'a and the confining stress O'c are 

the major and minor principal stresses, 0'1 and 0'3' respectively. The 

increment of axial stress Il. 0'1 or Il. O'a = 0'1 - 03, is the deviator stress. 

It is well known that testing short specimens usually encounters significant 

problems due to the friction that is developed at the interface of the specimen 

ends with platens of the testing machine. To prevent the development of 

significant friction forces, teflon sheets were placed between the specimen 

end and the loading plates. In addition, the specimen's ends were coated with 

lubricants (Vaseline petroleum jelly) to reduce the Significance of the 

interface effect and achieve friction 'Tree" ends (Figures 4.2 and 4.3b). 

All samples were tested in dry conditions, and the volume changes in the 

drained triaxial tests was measured by observing the amount of water that 

enters or leaves the cell in the burette. Water leaving the cell during shear 

indicates a volume increase, and vice versa. Beyond the peak stress condition 

in the triaxial tests, volumetric changes were not recorded since large amounts 

of water were expelled that exceeded the burette capacity; however, the 

vertical deformation as well as the load reading were recorded to the end of 

testing. All tests were strain-controlled and were performed with an axial 

deformation rate of 0.000237 in./sec (0.0060205 mm/sec). The compliance 

of the testing machine was calibrated and accounted for in the deformation 

measurements of the specimen. 

It is well established that large specimens provide better and more 

"reliable" results compared to small specimens for the same slenderness ratio. 

Thus, specimens with 6 in. (15.2 em) diameter were used for the unconfined 

compression tests, while specimens with 4 in. (10.2 em) diameter were used 

for the triaxial tests. Due to the limitation of the equipment in the soil 

mechanics laboratory of the Civil Engineering and Engineering Mechanics 
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Department of The University of Arizona, 4 in. (10.2 em) diameter samples 

were used in the triaxial tests rather than 6 in. (15.2 em) diameter samples. 

The Mohr-Coulomb failure envelopes were originally developed on the p-q 

plane, where 

p = a1 ; a3 (4.1) 

q = at ; a3 (4.2) 

The failure envelopes in the p-q and a-'t spaces are defined by: 

q=a+ptan'l' (4.3) 

't=c+atan<\> (4.4) 

The two expressions are related as follows: 

sin <\> = tan '" 
a 

c= -
cos <\> 

(4.5) 

(4.6) 

Least square method was used to obtain the parameters of equation 4.3 and 

then the relations 4.5 and 4.6 were used to obtain Mohr-Coulomb failure 

envelope parameters. Peak values of the deviator stress were used to obtain 

the failure envelopes. 

4.5 Effect of Slenderness Ratio 

Unconfined compression tests and Drained triaxial tests were performed on 

cemented sand specimens (4% cement content) with various slenderness ratios 

to examine surface initiated failure effects. Experimental results and 

discussions on these tests are presented in this section. 

A series of unconfined compression tests were performed on specimens 

with 6 in. (15.2 cm) diameter and heights of 3 in. (7.6 cm), 4.5 in. (11.4 em), 

6 in. (15.2 cm), 9 in. (22.9 cm), 12 in. (30.5 cm), corresponding to height to 

diameter ratios ranging from 0.5 to the ''usual'' value of 2. The purpose of 
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low values of slenderness ratios was to examine the surface initiated failure 

effects. The slenderness ratios along with the average densities of the 

samples tested in this series of tests are shown in Table 4.2. Typical stress

strain curves and volumetric strain responses are shown in Figures 4.4 and 

4.5, respectively. Additional test results are displayed in Appendix C. It was 

found that the shorter samples, in general, are stronger, more "ductile" and 

less dilatant. It was also found that the shorter samples were more compliant, 

which was rather unexpected. Due to the intense near vertical cracking of the 

specimens, reliable stress-strain and volumetric responses were not obtained. 

Therefore, triaxial testing was essential in order to understand the behavior of 

cemented sands. 

A series of triaxial tests were performed on 4 in. (10.2 cm) diameter 

specimens to investigate the surface initiated failure effects on the behavior 

of cemented sands. Conventional drained triaxial tests were conducted, where 

a specimen is consolidated to a specific stress <11 = 02 = <13 = <1c' and is 

subsequently loaded with (a <11' a <12' a (13) where a <11 > 0 and 

a02 = a<13 = o. 
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Figure 4.3 - Triaxial Test: (a) Schematic Diagram of the Triaxial Apparatus, 
and (b) Essential Features of a Triaxial Cell 



Table 4.2 - Slenderness Ratios and Average Dry Densities 

of Cemented Sand Samples (4% Cement Content) for 

Unconfined Compression Tests 

Height 

H in. (cm) 

3 (7.6) 

4.5 (11.4) 

6 (15.2) 

9 (22.9) 

12 (30.5) 

Slenderness 

Ratio (SR) 

0.5 

0.75 

1.0 

1.5 

2.0 

Dry Density 

p~c pef 

(Mg/m3) 

107 (1.72) 

104 (1.67) 

108 (1.72) 

109 (1.74) 

108 (1.73) 
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Cemented sand samples (4% cement content) with 4 in. (10.2 cm) diameter 

were tested under confining pressures of 2.175 psi (15 kPa). 14.5 psi 

(100 kPa). 29.0 psi (200 kpa), 43.5 psi (300 kPa). The slenderness ratios 

along with the densities of the samples tested are given in Table 4.3. The 

slenderness ratio of 2 was not used due to the height limitation in the triaxial 

cell. 
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Figures 4.6 through 4.13 show the stress-strain curves and volumetric 

response curves for cemented sands (4% cement content) under various 

confining pressures. Appendix C shows additional experimental results of 

cemented sands with 4% cement content. Figure 4.14 shows the Mohr

Coulomb failure envelopes for cemented sands with various slenderness 

ratios. 

At relatively low confining pressures (2.175 psi (15 kPa) and 14.5 psi 

(100 kPa)), near vertical cracks occur in the samples. In the case of short 

samples (SR = 0.75 and SR = 1.0), these cracks initiate at the top or the 

bottom of the specimen and continue to advance until they reach the opposite 

end. In the case of long samples (SR = 1.5 and SR = 1.875), similar cracks 

develop but they interact with each other before they reach the other end. 

This results in a sudden drop in the strength and eventual failure within the 

cemented sand specimens. Similar observations were made when testing 

under unconfined compression tests. 

At relatively high confining pressure (29 psi (200 kPa) and 43.5 psi 

(300 kPa)), large openings of cracks are prevented to some extent. However, 

a shear band forms in the long samples which results in lower strength 

compared to the short samples. At the end of testing, it was found that there 

was no effective cementation left within the short specimens (no cement 

chunks were recovered). However, the long specimens, due to the shear band 

development, failed by rigid block separation. 
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Figure 4.4 - Stress-Strain Curves for Cemented Sands with 4% Cement 
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Table 4.3 - Slenderness Ratios and Average Dry Densities 

of Cemented Sand Samples (4% Cement Content) for 

Drained Triaxial Tests 

Height 

H in. (em) 

3 (7.6) 

4 (10.2) 

6 (15.2) 

7.5 (19.1) 

Slenderness 

Ratio (SR) 

0.75 

1.0 

1.5 

1.875 

Dry Density 

Psc pef 
d 

(Mg/m3) 

96 (1.54) 

95 (1.53) 

99 (1.58) 

99 (1.59) 
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From Figures 4.6 through 4.14, it is concluded that the short samples 

exhibit higher strength and milder softening. The stress-strain curves for 

short samples show more ductile behavior compared to the long samples for 

the same confining pressure. Moreover, from the volumetric response, the 

shorter samples compress more before they start to dilate. Finally, the 

specimens with higher slenderness ratio samples experience higher dilation 

rates compared to the ones with lower slenderness ratio. The low strength, 

brittle behavior, and high rates of dilation for long samples could be 

attributed to the surface effects. Shorter samples were more compliant than 
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long samples. A possible explanation is their lower densities as shown in 

Table 4.3. 

At low confining pressures, the trend is not entirely consistent because of 

severe cracks development and propagation within the specimen, with fairly 

unpredictable and random effects. However, for relatively high confining 

pressures, since development of cracks are prevented to some extent. the trend 

is more consistent. 

Based on the effect of surface initiated failure, it was decided that a 

slenderness (SR) of 2 should not be used for the testing of cemented sands, 

since it does not provide the "true" material behavior. Figure 4.15 shows how 

the peak deviator stress d ofeak varies with the change in the slenderness ratio 

for <1J = 43.5 psi (300 kPa). A slenderness ratio (SR) of 1 was selected to be 

used in testing cemented sands, since a specimen with this ratio does not 

experience intense surface effects compared to samples having 2: I height to 

diameter ratio, and it does not exhibit crucial end effects when proper 

precautions are taken care of. Lubrication of the specimen ends and the use 

of teflon sheets help to reduce significantly the friction at the specimen-cap 

interfaces. The slenderness ratio of 1 was chosen as a compromise of surface 

effects lessening, and reduction of end 'residual" friction effects. The effects 

of slenderness ratio are displayed in Figure 4.15. Lateral strain measurements 

during the unconfined compression tests indicated that end effects were 

placed under control for SR;;:: 1 (no significant bulging was recorded). 

Similar visual observations were made during drained triaxial tests. All tests 

on the 2% and 6% cement content were conducted using the slenderness ratio 

(SR) of 1. 
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Figure 4.6 - Stress-Strain Curves for Cemented Sands with '4% Cement 
Content for 0'3 = 2.175 psi (15 kPa) for Various Slenderness Ratios, (1 psi = 
6.9 kPa) 
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Figure 4.7 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content for 0'3 = 2.175 psi (15 kPa) for Various Slenderness Ratios 
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Figure 4.8 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content for 0'3 = 14.5 psi (100 kPa) for Various Slenderness Ratios, (1 psi = 
6.9 kPa) 
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Figure 4.10 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content for 0'3 = 29.0 psi (200 kPa) for Various Slenderness Ratios, (1 psi = 
6.9 kPa) 
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Figure 4.11 - Volumetric Strain Response for Cemented Sands with 4% 
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Figure 4.12 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content for 0'3 = 43.5 psi (300 kPa) for Various Slenderness Ratios, (1 psi = 
6.9 kPa) 
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Figure 4.13 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content for 03 = 43.5 psi (300 kPa) for Various Slenderness Ratios 
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Figure 4.14 - Mohr-Coulomb Failure Envelopes for Cemented Sands with 4% 
Cement Content for Various Slenderness Ratios, (1 psi = 6.9 kPa) 
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Figure 4.15 - A 0'1 Peak Variation with Slenderness Ratio for 0'3 = 43.5 psi 
(300 kPa), (1 psi = 6.9 kPa) 

4.6 Effect of Cementation 

Additional drained triaxial tests were performed on cemented sand 

specimens having 4 in. (10.2 em) diameter with no cementation, 2% and 6% 

cement contents under confining pressures up to 43.5 psi (300 kPa). The 

average slenderness ratios and densities of the samples are shown in Table 

4.4. 

Figures 4.16 through 4.23 show the stress-strain curves and volumetric 

response curves for cemented sands with no cementation, 2%, 4%, and 6% 

cement contents under various confining pressures. Appendices A, B, C and 

D display additional experimental results for cemented sands with no 

cementation, 2%, 4%, and 6% cement contents, respectively. Figure 4.24 
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shows the Mohr-Coulomb failure envelopes for cemented sands with different 

cement contents. 

Table 4.4 - Slenderness Ratios and Average Dry Densities 

of Cemented Sand Samples with Different Cement Contents 

Cement 

Content % 

o 
2 

6 

Slenderness 

Ratio (SR) 

1.7 

1.0 

1.0 

Dry Density 
sc cf 

Pd P 
(Mglm3) 

99 (1.59) 

93 (1.49) 

101 (1.61) 

It can be seen from the stress-strain diagrams that as the cement content 

increases, the strength and the initial stiffness of the soil increase. In 

addition, as the cement content increases, the strain to failure decreases and 

the rate of softening increases. In other words, a more pronounced strength 

drop is observed in the 6% cement con~ent compared to the 4% cement 

content for the same confining pressure. The cohesion portion of shearing 

resistance is predominant at low strains and there is a progressive breakdown 

in cementation. At large strains, the shearing resistance is entirely frictional. 

The 2% cement content samples were more compliant than the uncemented 

samples due to the difference in density as shown in Table 4.4. 
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From the volumetric response curves, it can be seen that the rate of 

dilation increases as the cement content increases. Another interesting 

observation is that the cemented sand samples, in general, compress more 

than the uncemented samples. Part of the compression is due to the elastic 

compression since the cohesion part of shearing resistance is predominant at 

low strains. However, the main part is attributed to the gradual collapse and 

damage of the cementing structure within the soil mass. When cementation is 

strong, grains are held together with cement bonds (contact bound structure -

Figure 3.1a); however, once these bonds break, the specimen tends toward a 

meta-stable and more compact state with smaller volume. 

From Figure 4.24, it can be concluded that the main contribution of 

cementation in the soil shear strength is the resulting cohesion (tensile 

strength and unconfined compressive strength). Cementation results in an 

upward and parallel translation of the failure envelope of the uncemented 

material, and this translation is equal to the cohesion. It is interesting to note 

that the resulting cohesion is not a linear function of the cement content. 

The slight difference in the value of 4> for the uncemented sand is attributed 

to the slight difference in the density. 
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Figure 4.17 - Volumetric Strain Response for Cemented Sands with Various 
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Figure 4.18 - Stress-Strain Curves for Cemented Sands with Various Cement 
Contents for 03 = 14.5 psi (100 kPa). (1 psi = 6.9 kPa) 
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Figure 4.19 - Volwnetric Strain Response for Cemented Sands with Various 
Cement Contents for Cf3 = 14.5 psi (100 kPa) 
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Figure 4.20 - Stress-Strain Curves for Cemented Sands with Various Cement 
Contents for (J3 = 29.0 psi (200 kPa). (1 psi = 6.9 kPa) 
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Figure 4.22 - Stress-Strain Curves for Cemented Sands with Various Cement 
Contents for <J3 = 43.5 psi (300 kPa), (1 psi = 6.9 kPa) 
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Figure 4.23 - Volumetric Strain Response for Cemented Sands with Various 
Cement Contents for 03 = 43.5 psi (300 kPa) 
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Figure 4.24 - Mohr-Coulomb Failure Envelopes for Cemented Sands with 
Various Cement Contents, (1 psi = 6.9 kPa) 
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4.7 Effect of Confining Pressure 

Figures 4.25 through 4.38 show the stress-strain diagrams for cemented 

sands with no cementation, 2%, 4%, and 6% cement contents under various 

confining pressures. It can be seen from these figures that as the confining 

pressure increases, the strength and the stiffness (initial tangent modulus) 

increase. Also, the strain to failure increases with increasing confining 

pressure. In addition, as the confining pressure increases, the rate of dilation 

decreases. For low percentage of cementation (2% cement content), the· 

material exhibits a ductile mode of failure, whereas, for relatively high 

percentage of cementation (4% cement content or 6% cement content), there 

is a transition from brittle to ductile failure modes as confining pressure 

increases. The reason for this observed behavior is due to the relative 

contributions of resistance components. At low confining pressures 

(2.175 psi (15 kPa) and 14.5 psi (100 kPa» the cementation component is 

much more significant than the frictional component. Since the failure of 

cementation is. brittle, cemented sand exhibits a brittle failure in these 

pressure ranges. At relatively high confining pressures (29 psi (200 kPa) and 

43.5 psi (300 kpa», the frictional component of strength becomes dominant, 

and a more ductile response, which is characteristic of the sand behavior, is 

observed. 
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Figure 4.25 - Stress-Strain Curves for Unemented (Oean) Sand under 
Various Confining Pressures for SR = 1.7, (1 psi = 6.9 kPa) 
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Figure 4.26 - Volumetric Strain Response for Uncemented (Clean) Sand 
under Various Confining Pressures for SR = 1.7, (1 psi = 6.9 kPa) 
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Figure 4.27 - Stress-Strain Curves for Cemented Sands with 2% Cement 
Content under Various Confining Pressures for SR = 1.0, (1 psi = 6.9 kPa) 



2 

1.5 

1 

a 0.5 
> 

W o 

-0.5 

-1 
o 

105 

2 4 6 8 10 

£1 % 

Figure 4.28 - Volwnetric Strain Response for Cemented Sands with 2% 
Cement Content under Various Confining Pressures for SR = 1.0, (1 psi = 
6.9 kPa) 
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Figure 4.29 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under Various Confining Pressures for SR = 0.75, (1 psi = 6.9 kPa) 
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Figure 4.30 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under Various Confining Pressures for SR = 0.75, (1 psi = 
6.9 kPa) 
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Figure 4.31 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under Various Confining Pressures for SR = 1.0, (1 psi = 6.9 kPa) 
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Figure 4.33 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under Various Confining Pressures for SR = 1.5, (1 psi = 6.9 kPa) 
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Figure 4.34 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under Various Confining Pressures for SR = 1.5, (1 psi = 
6.9 kPa) 
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Figure 4.35 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under Various Confining Pressures for SR = 1.875, (1 psi = 6.9 kPa) 
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Figure 4.36 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under Various Confining Pressures for SR = 1.875, (1 psi = 
6.9 kPa) 
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Figure 4.37 - Stress-Strain Curves for Cemented Sands with 6% Cement 
Content under Various Confining Pressures for SR = 1.0, (l psi = 6.9 kPa) 
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Figure 4.38 - Volumetric Strain Response for Cemented Sands with 6% 
Cement Content under Various Confining Pressures for SR = 1.0, (1 psi = 
6.9 kPa) 
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4.8 Summary 

A study on the slenderness effects showed that the specimens with 

slenderness ratio (SR) of 1.5 or greater result in the recording of a structural 

behavior rather than the ''true'' material behavior. Therefore, samples with 

slenderness ratio (SR) of 1 were used to examine the cementation and 

confining pressure effects. Cementation results in the addition of cohesion to 

the shear strength of sand, while it does not seem to affect the friction angle. 

Finally, as the confining pressure increases, a transition from brittle failure 

mode to ductile failure mode is observed. 
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5. DEVELOPMENT OF THE PROPOSED MODEL 

A constitutive law or model represents a mathematical formulation that 

describes the behavior of a material under general loading conditions. In 

recent years, there has been a great deal of progress made in the development 

and understanding of the constitutive relations for geological materials. Even 

though there is a great number of constitutive models in the literature that 

describe the behavior of frictional materials, there is only a limited number of 

models that describe the behavior of cemented soils. The development and 

implementation of constitutive relations involve the following steps: 

1. Mathematical formulation based on the principles of mechanics. 

2. Identification of significant parameters. 

3. Determination of parameters from laboratory tests. 

4. Successful prediction of observed data from which the parameters 

were determined, and of other test data. 

In this chapter, the mathematical formulation of a new model is presented. 

Section 5.1 discusses the basic principles that are considered in the 

development of the proposed model. Section 5.2 is devoted to the development 

of the proposed model from the global point of view. Finally, sections 5.3 and 

5.4 present independent plasticity models for the sand phase and the cement 

phase, respectively. 

5.1 Principles for Model Development 

The current approach is based on a number of principles that aim to satisfy 

the material behavior, both under shear and volumetric deformation. These 

principles are listed as follows: 
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1. A cemented sand is viewed, from the outset, as a composite 

material or mixture comprising three phases: sand, cement and 

pore water. Thus the material is treated as a multi-phase system. 

2. The elastoplastic and softening behavior of cemented sands is the 

result of four factors: (a) the material behavior of sand, (b) the 

material behavior of cement before it breaks, (c) the interaction 

between the phases, and (d) the breakage of the cement bonds. 

3. Sand phase and cement phase are modeled independently using the 

theory of plasticity. 

4. Models of the individual phases are assembled, within the 

framework of the theory of mixtures, to predict the overall 

behavior of cemented sands. 

5.2 Global Material Behavior 

Cemented sand is viewed as a composite material. The general or global 

material behavior is modeled with the aid of the theory of mixtures. The 

theory of mixtures provides a simple yet effective means to characterize the 

behavior of concrete as mentioned in chapter 3. The outline of the proposed 

model is described in this section. 

The development of a mixtures model involves both partial and intrinsic 

stresses. Consider an element cross-section area clA which consists of areas 

clAs ' clAc' and clAw where <iAs is the area corresponding to the soil phase, dAc 

is the area corresponding to the cement phase, and clAw is the area 

corresponding to the voids (Figure 5.la). If clA carries a load dP, then the 

engineering stress 0' is defined as: 
dP 

0'= -
clA 

(5.1) 
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If the soil skeleton carries a portion of dP. say dPs, the cement bonding agent 

carries dPc, and the fluid (water) in the saturated voids carries dPw • then the 

partial stresses are defined as: 

(5.2a) 

(5.2b) 

(5.2c) 

where e-w = 0 for dry soils. 

The intrinsic stresses of each phase can be defined as (Figure 5.1b): 

dPs (5.3a) a =-s dAs 
dPc (5.3b) cr =-c <lAc 
dPw (5.3c) 0: =-w <lAw 

The partial stresses are related to the intrinsic stresses through the relations: 

e-s = ns Os (5.4a) 

e-c = nc 0e (5.4b) 

~ = nw Ow (5.4c) 

where 

n = <iAs 
S dA (5.5a) 

. dAc 
nc = dA (5.5b) 

dAw n =--w dA (S.Sc) 

Ow is the water pressure. most commonly denoted by u in soil mechanics. 

Since a soil element of volume dV is statistically isotropic. it is acceptable to 

rewrite equation 5.5 (Holtz and Kovacs 1981) as: 
dVs ns = dV (5.6a) 

dVe 
nc = dV (5.6b) 



dVw 
nw= Tv 

where nw is the porosity as defined in soil mechanics. 

dP 

I d~ dPc dPw , 
I ~ I r- dA -1 , , 

dAs dAc dAw dAs dAc dAw 

(a) (b) 
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(5.6c) 

Figure 5.1 - Definition of: (a) Total Stress. and (b) futrinsic Stress 

Although the soil intrinsic stress as constitutes the ''best'' stress average 

value, it does not provide any advantage over the more commonly used 

effective stress. Therefore, the more familiar effective stress of the soil 

skeleton is incorporated in the present development. 

For a dry, uncemented soil element, the effective stress 0" is equal to the 

partial stress ~s. For an uncemented, saturated soil element, 

a=&s+&w=a'+u 

From which it can be coocluded: 

&s+owu=a+u 

==> 

&s = a + (1 - ow) u 

where u is the water pressure. 

(5.7) 

(5.8) 



121 

Equation 5.8 states that the partial stress of the soil skeleton is equal to the 

effective stress plus an additional stress corresponding to the water pressure 

acting on the solid part of the soil cross section. To include the cementation 

phase, equation 5.8 is modified to: 

&s = d + (1 - nc - nw) u (5.9) 

The total stress equation for all phases of the material can be written as 

follows: 

O'=~s+~c+&w (5.10) 

Substituting equations 5.4 and 5.9 into equation 5.10 to obtain: 
, . 

0' = 0' + (1 - nc - nw) u + nc O'c + nw u 

==> 

(5.11) 

Equation 5.11 is based on the intuitive extension of equation 5.8 for soils to 

equation 5.9 for cemented soils. Alternatively, equation 5.11 can be obtained 

using classical soil mechanics concepts. Consider the contact of two cemented 

grains isolated from a cemented mass (Figure 5.2). The total vertical force P 

that is transmitted between the two grains is carried by the inter-granular 

contact forces P', the cement contact bonding forces pc, and the hydrostatic 

force (A - Acement - Acontact) u in the pore water. Considering the free body 

diagram of the upper grain and taking the equilibrium in the vertical direction 

results in: 

P = P' + pc + (A - Acement - Acontact) u (5.12) 

where 

A = total or gross area, 

Acontact = ~ontact area between grains, and 

Acement = cement bonding area between grains 

Dividing equation 5.12 by the gross area A yields: 
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P P' + pc+ [ A _ Acement _ Acontact] u 
A=A A A A A (5.13) 

or 

(5.14) 

==> 

<1 = d + n 0: + [1 - n - Acontact] u (5.15) c c C A 

The contact area between grains is negligible compared to the total cross

sectional area, i.e. Acontactl A == 0, thus 

<1 = d + nc O:c + (1 - nc) u (5.16) 

It can be seen that equations 5.11 and 5.16 are identical. 

p 

j 
A 

p' pC 

I 
'" 

"'~ , 
u u 

~ ./ / L / 
A cement 

A contact 

p p' p c 

(J'= (J' = -- (J'c= --
A A A cement 

Figure 5.2 - Schematic lllustration of Stresses 
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The experimental program presented in chapter 4 provides sufficient 

information about the behavior of the soil skeleton in terms of the effective 

stresses, and the behavior of the cementing agent in terms of the intrinsic 

stresses. An assumption is made here that the broken cementation behaves 

like the soil skeleton, or: 

(5.17) 

where c is a constant. For elastoplastic material description, the stress-strain 

relation is expressed in an incremental form. Thus the incremental form of 

equation 5.11 is needed: 

(5.18) 

Since the problem is non-diffusive, the strains of the soil skeleton are 

assumed to be equal to the strains of the cement phase: c = Cs = cc. However, 

this does not mean that the elastic and plastic strains of each phase are the 

same. 

The Variation of nc can be expressed as: 

dnc = ST dE (5.19) 

where S is a constitutive vector and is a function of the plastic loading history 

and the current state of stress of the cement phase. 

Similarly, the water pressure increment du can be expressed as: 

du = Dw de (5.20a) 

where Dw is an easily obtainable stiffness expression of the bulk: modulus of 

the water phase (usually a very large number that expresses almost 

incompressibility (IGousis et al. 1988». The stiffness matrix expression of 

the water phase is given by: 
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Kw Kw Kw 0 0 0 
Kw Kw Kw 0 0 0 
Kw Kw Kw 0 0 0 
0 0 0 0 0 0 

Dw= 
0 0 0 0 0 0 (5.20b) 
0 0 0 0 0 0 

where Kw is the bulk: modulus of water. 

The stress-strain relation of each phase (sand or cement) can be expressed 

as: 

da = Ds de 

dO'c = Dc de 

(5.21) 

(5.22) 

Equation 5.18 can be rewritten with the help of equations 5.19, 5.20, 5.21 

and 5.22 as: 

dG = Ds de + nc Dc de + O'c ST de + (1 - nc) Dw de - u ST dE (5.23) 

or 

or 

dO' = Dcomb de (5.25) 

where 

Ds and Dc are the constitutive matrices for the sand phase and the cement 

phase, respectively. The mathematical formulation and derivation of the 

constitutive matrices are presented in sections 5.3 and 5.4, respectively. For 

dry conditions, equation 5.26 reduces to: 

(5.27) 

The potential payoff of the use of the theory of mixtures lies in that simple 

models (by soil plasticity standards) for each phase suffice to capture the 
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complexities of the overall behavior of cemented soils. 

5.3 Modeling of the Soil Phase 

The theory of plasticity is used to model the soil phase. The mathematical 

formulation of the model is presented in this section. All stresses, strains, 

invariants, etc. in this section are with respect to the effective stress of the soil 

phase. The subscript! superscript (s) or (') denotes the soil phase. 

5.3.1 Loading Surface 

To implement the model, a loading surface FS is defined. It is well 

established in the literature that soil failure depends on Lode's angle (Lade and 

Duncan 1975; Desai et ale 1986; Hashmi 1986). The loading surface in this 

model is similar to the ultimate surface adopted by Hashmi (1986), Abdulla 

(1990), and Kiousis and Abdulla (1992): 

F = ..JJ2D ~~1--~~~S""r - a J1 - ; = 0 

where ;, a and ~ are material parameter such that: 

; expresses cohesion (= 0 for sand) 

(5.28) 

a expresses the effect of confinement on soil strength, and 

~ expresses the effect of Lode's angle, indirectly included in 

equation 5.28, through Sr: 
J3D 

. Sr = J 3/2 (5.29) 
2D 

However, since only ere tests were performed in this study, the loading 

su..Tface (equation 5.28) is simplified to: 

pS = ..JJ2D - as (~s) J1 = 0 (5.30) 

where J 1 is the sum of the diagonal terms of O'ij' or 

J1 = O'li (5.31a) 

J2D is the second invariant of the stress deviator tensor and is given by the 



following: 

1 
J2D = 1: Sij Sji 

J3D is the third invariant of the stress deviator tensor, defined as: 
1 

J3D = 3' Sij ~k Ski 
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(5.31b) 

(5.31c) 

Sij is the deviatoric part of the stress tensor O'ij , which can be expressed as: 
1 

Sij = O'ij - 3' O'tk ~j (5.31) 

~j is the Kronecker delta, defined as: 

~j=1ifi=j 

~j = 0 if h= j 
s ex is an isotropic hardening function which depends upon the plastic strain 

history ~s and is given as: 

s s ex =0;,+ 
_1_+ 
E S 

a; 
S S 

CXult - 0;, 

where ~, Ea; S and a!lt are material parameters of the soil phase. 

strain history ~s is defined as: 

(5.32) 

The plastic 

[ 

T ] 0.5 

~s = J dE; dE; (5.33) 

where dE; is the incremental vector of the plastic strain of the soil phase. 

5.3.2 Potential Surface 

Pressure sensitive materials such as dry cohesionless soils (sands) derive 

most of their shear strength from the applied mean effective pressure; 

therefore, the yield criteria for such materials should include the first 

invariant of the stress tensor. In associative plasticity, the potential function g 

is identical to the yield/loading surface. For an initially isotropic material, 

the potential function g can be expressed in terms of the first invariant of the 

stress tensor J 1 and the second invariant of the stress deviator tensor J2D • 



Mathematically, 

g = g (11 , J20) = 0 

The potential surface in this model is given by: 

gS = ..JJ2D - ~s(<J3) J1 - XS (~s, J1) = 0 
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(5.34) 

(5.35) 

where ~s is the dilation rate parameter and is a function of the effective 

confining pressure (section 5.3.7), and XS is the ..JJ20 axis intercept on the J1 -

..JJ2D space. 

Traditionally, in non-associated plasticity, the parameter XS is not evaluated 

because there is no interest in ensuring that gS = O. In the approach presented 

here, this must be ensured at all times. Thus, r, which behaves like a 

hardening parameter of gS, is a "compatibility" parameter that ensures that the 

stress point is on gS at any instance, or gS = FS = O. 

Figure 5.3 shows a geometric representation of the loading surface FS and 

the potential surface gS on the 11 - ..JI20 space. At point A, plastic flow 

initiates and continues until the stress point reaches failure (point C). The 

subscript (0) in Figure 5.3 denotes the initial value, while the subscript (ult) 

denotes the final value. At any stress point, say point B, 
S S J a J1 = ~ 1 + XS (5.36) 

==> 
(5.37) 

Thus, 

(5.38) 

An approximate method is developed here that aims to eliminate the 

computational difficulties of non-associative constitutive modeling. To do so, 

the potential surface gs is also used as a loading surface. Since gS and F 
always coincide at the stress point (due to equation 5.37), the approach is 

perfectly acceptable. However, use of equation 5.38 in the consistency 

equation (dgS = 0) results in a non-symmetrical matrix, thus giving no 
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advantage to this new approach. This problem is rectified by the replacement 

of equation 5.38 with the apprOximation: 

dr == (da
s 

- d13
s

) J1 

9 

potential Surface g 

Stress 
/ Path 

9 
CXult 

(5.39) 

Figure 5.3 - Loading Surface FS and Potential Surface gS on the J 1 - ~J2D 
Space 

Use of equation 5.39 instead of equation 5.38 results in an error that 

depends on the relative absolute magnitude of (as - 13s) dJ1 compared to the 

absolute value of (das 
- dps) J1• The smaller the former term compared to the 

latter term, the smaller the e~or. Thus, the success of equation 5.39 depends 

on the assumption: 

or 

dJ1 da
s 

- dlt -«--.... --
J1 a.s _ lls 

In general, the larger the shearing component of a loading path, the smaller 

the error that is introduced. Figures 5.4 and 5.5 display comparison of 
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the associative formulation and the non-associative formulation of the model 

for a Conventional Triaxial Compression (CTC) test for clean sand under 03 = 

43.5 psi (300 kPa). The comparison is excellent for this stress path. Also, for 

a plastic loading path where J 1 is constant, or for a plastic loading path where 

the shearing component is more dominant. the comparison is excellent. 

However. for a plastic loading path that is dominated by J 1 increase or 

decrease, the method can only work for very small stress increments close to 

failure. 

5.3.3 Flow (Normality) Rule 

The associative flow rule states that the plastic increment dE: is 

perpendicular to the loading surface gS and is given as: 
p _ al!s 

dEs - dAs a;r- (5.40) 

where dA.s is a positive scalar factor of proportionality. 

5.3.4 Consistency Equation 

The consistency equation expresses the fact that during plastic loading, the 

stress tensor remains on the loading surface gS , thus 

dgS = 0 (5.41) 

==> 

(5.42) 

where 

(5.43) 

(5.44) 



~= -1 ax:s 
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(5.45) 

200~----------------------~ 

150 

100 

/:::,.-/:::,. Associative Implementation 
_. Non-Associative Implementation 

50 

Ob-~~~------~I------~I--~--~ 
024 6 8 

£1 % 

Figure 5.4 - Comparison of Shear Behavior between Associative 
Implementation and Non-Associative Implementation for ere Test for <% = 
43.5 psi (300 kPa) on Sand, (1 psi = 6.9 kPa) 
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D.-D. Associative Implementation 
- Non-Associative Implementation 

o 2 6 8 

Figure 5.5 - Comparison of Volumetric Response between Associative 
hllplementation and Non-Associative Implementation for ere Test for 0'3 = 
43.5 psi (300 kPa) on Sand 
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5.3.5 Derivation of Elastoplastic Constitutive Matrix 

The elastoplastic constitutive matrix is easily obtained by employing the 

consistency equation (equation 5.42), the flow rule (equation 5.40) and the 

elastic relation: 

del = Es dE: (5.46) 

where Es is the elastic constitutive matrix, and dE: is the increment of the 

elastic ~train. Equation 5.46 can be written as: 

de/ = Es (dEs - dE;) 

or 
, 02s 

dG = Es dEs - Es dAs a;r (5.47) 

Substituting equations 5.39, 5.40, 5.44, 5.45, and 5.47 into equation 5.42 

yields 

Ogs: Ogs: 02s 
OG Es dEs - OG Es a;;- d1s - 11 d~s - (1) (d<l - d~s) 11 = 0 

==> 

Ogs: ags: al!s s 
OG Es dEs - aG Es a;;- dA.s - 11 da. = 0 (5.48) 

a.s is defined in equation 5.32 as a function of ~s ; thus 

s da.s d(l rlf)s • a S 

[ 

T 

l
O.5 

da. = ~s ~s = ~s dAs a:r O~ (5.49) 

where 
'T """ dG = [dan d022 da33 d't12 d~3 d~l] 

T 
dEs = [dEsn ~2 dEs33 dYs12 dYs23 dYs31 ] 

ags: = [o~s O~s O~s ~ ~ ~l 
OG aO'n da12 OG33 O't12 0't23 a~ 1 

~= [a!}s O!}S O!}S ~ ~ ~l 
00" aan· a G12 00'33 a't12 a~3 0~1 

Substituting equation 5.49 into equation 5.48 yields: 
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dgS: 
dO Es dEs 

dAs = ----------~~----------------
~+ J das [~ dgS:jO.S 
dO 1 ~s dO dO 

(5.50) 

Substituting equation 5.50 into equation 5.47 yields: 

dl!s dgs,T 
Es aa' dO Es 

Es - -----------""--""-----------

~ + J das [d~S: ~jO.S 
dO 1 ~s dO dO 

do' = des (5.51) 

where 

(5.52) 

It can clearly seen from equation 5.52 that the plastic hardening modulus 

(second tenn of the denominator) is a function of the confinement and 

shearing. It decreases as shearing increases and increases with increasing 

confinement of the soil. 

5.3.6 Yield Surface Drift Correction 

Using finite increments of stress tensor rather than infinitesimal quantities, 

as required by the formulation developed here, results in certain computational 

inaccuracies. In oth~ words, a computational problem is created from the fact 

that the finite incremental relation: 

(5.53) 

is used rather than equation 5.51. Use of equation 5.53 is the only realistic 

implementation of equation 5.51, since it is computationally impossible to 

accumulate a stress 0' through the use of infinitesimal de!. This approach 
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results in stiffer a' - Es curves since it uses the initial tangent Ds for an 

increment A a'. It also results in greater inaccuracies and instabilities due to 

the fact that it fails to maintain the stress point on the loading surface. Even 

though the formulation described here is based on maintaining consistency on 

gS, it is more important to obtain consistency on FS
• This is done during the 

drift correction phase which is described in the following. 

The correction scheme presented here is based on the generalized 

trapezoidal rule (Ortiz and Popov 1985; Ortiz and Sima 1986). Consider a 

state of equilibrium described by point A (Figure 5.6). A plastic loading 

increment of stress A a~ moves the state of stress from point A to state of 

stress at point B, which lies outside the new failure surface FS 
, 

Mathematically, 

S[ 'B Jl. B ) F an+ 1 ,1;;sn+ 1 > 0 

However, the "correct" solution is at point C, or 

FS(o'C ,ts C ) = 0 

The process of bringing point B to C is called drift correction. The following 

relation for the elastic strains (E - EP ) is true: 

Gn+'1 = Es (Es - EsP J n+l n+l 
(5.54) 

==> 

(5.55) 

but 

o~ = Es [Esn -E!:] (5.56) 

Thus, equation 5.54 becomes: 
, , P 

0n+l = on + Es AEsn - Es AESo (5.57) 

The second term of equation 5.57 is called "elastic predictor." It is applied 

first (Figure 5.6) and the value of F is checked against tolerance; FS is given 

by: 
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F
S 

= "'J2D - (l(~s) J1 = 0 (5.58) 

Since point B lies outside the failure surface FS, the following holds: 

S[ 'B A B ) F Gn+l' C Sn+1 :;: 0 (5.59a) 

but 

F
S( G::l+ AG' ,tS!.I+ A~s) = 0 (5. 59b) 

The third term of equation 5.57 is called 'plastic corrector." It is applied 

incrementally until convergence. The direction of plastic increment is shown 

on Figure 5.6. Mathematically, using the trapezoidal rule, 

[ 
dQs dQS 1 

dE; = dI..s (1-1) a 'S + 1 a '1 
Gn Gn+l 

(5.60) 

where 1 is a factor between 0 and 1. A value of 0.5 was used for 1 in this 

model. Initially, it is assumed that 

~Sn+l = ~sn 
Using equation 5.60, the following is obtained: 

ems = dA.s . scalars 

where 

(5.61) 

(5.62) 

and dAs needs to be determined. The stress increment (third term in equation 

5.57) is given as: 

or 

By using linear Taylor expansion approximation on equation 5.59b, the 

following is obtained: 



T 
Ops 

s ' IJ. F (an+l' Cs 1) + ; 
n+ oan+l 

==> 
T 

~Fs 
s ' IJ. ) u F (an+ I Cs 1 - ; 

n+ dan+l 

==> 

The value of dAs is substituted into equation 

performed incrementally until convergence. 
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(5.64) 

1 
d s 

+ J1 ;s . scalars 

5.63 and the procedure is 

Figure 5.6 - Yield Surface Drift Correction 
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5.3.7 Dilation Rate Parameter 

In the potential surface equation: 

gS = -.JI2D - ~s (G~ 11 - ~(~s , II) = 0, 

the parameter ~s is referred to as a dilation rate parameter in this model. ~s 

was chosen to be a function of the confining pressure since dilation rates 

decrease with increasing confinement. The function used for ~s is given as: 

S ' 
~s = ~os e· I3p G:3 (5.65) 

where ~o S and~; are material parameters. 

For Conventional Triaxial Compression (CfC) test, the increment of the 

first invariant of the strain tensor is given by: 

dIl = del + 2 de3 (5.66) 

and the increment of the second invariant of the deviatoric strain tensor for 

erc test is given by: 

d-.JI2D = * (del - de3) 

and the dilation rate '1'5 , in general, is defined as: 
dIl 

'l's = d~I2D 

(5.67) 

(5.68) 

Substituting equations 5.66 and 5.67 into equation 5.68 gives the expression of 

'1'5 for CTC tests: 

'1'5 = 
del + 2 de3 
1 T3 (dEl - de3) 

Equation 5.69 can be approximated using the flow rule (equation 5.40): 

or 

(5.69) 



-./3~ 
dati 

'l's = --,------=~-
4-4 
dal aa3 

The partial derivatives of gS are listed below: 

aes _ I ~_ s .. _ AS 8,. 
aaij 2 'VJw IJ ... IJ 

~= _ 3ps 
aati 

4-- 4-= ..f3 
aal d03 2 

Substituting equations 5.72 and 5.73 into equation 5.70 yields: 

'l's = - 6 pS 
or 
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(5.70) 

(5.71) 

(5.72) 

(5.73) 

(5.74) 

Equation 5.74 indicates that when the material is expanding, the value of pS 
has a positive sign, and vice versa. 

5.4 Modeling of the Cement Phase 

A simple model is used for the cement phase. The model is based on the 

theory of plasticity. The mathematical formulation of the model is presented 

in this section. All stresses, strains, invariants, etc. are with respect to the 

intrinsic stress of the cement phase. The subscript! superscript (c) denotes the 

cement phase. 

5.4.1 Loading Smface 

To model the cement phase, von Mises yield criterion is employed. For the 

range of confining pressures examined here, the strength of cement is 

predominantly derived by the cohesion, thus the frictional component of 
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cement can be ignored without significant error. The mathematical expression 

of the loading surface is given by: 

FC = ...JJ2D - a,c (tc) = 0 (5.75) 

where a,c is an isotropic hardening function which depends upon the plastic 

strain history tc and is given as: 

(5.76) 

c c 
<lult - CXo 

where ~, Bet c and ~ltare material parameters of the cement phase. The 

plastic strain history tc is defined as: 

[ 

T ] 0.5 

tc=I de! de! . 

where de: is the incremental vector of the plastic strain of the cement phase. 

5.4.2 Potential Surface 

The potential surface gC used for the cement phase is similar that of the soil 

phase. To avoid the complexities of the non-associative plasticity, the 

formulation here is similar to the one followed for the sand phase, where by 

the potential surface is also treated as the loading surface: 

gc = ...JJ2D - J3
c
(tc) J1 - x:c (J3c ,J1) = 0 (5.77) 

where J3c is the compression rate parameter (section 5.4.7), and x:c is the ...JJ2D 

axis intercept on the J 1 - ...JJ2D space. 

Figure 5.7 shows a geometric representation of the loading surface FC and 

the potential surface gc on the J1 - ...JJ2D space. At point A, plastic flow 

initiates and continues until the stress point reaches failure (point C). The 

subscript (0) in Figure 5.7 denotes the initial value, while the subscript (ult) 

denotes the final value. At any stress point, say B, 
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(5.78) 

==> 

(5.79) 

Thus, 

(5.80) 

Or, following the same approximation approach as in the model development 

of the sand phase: 

(5.81) 

Potential Loading 
Surface Surface 

gC Fe 

~ ~ ",C =,~ult 
~~============ ____ ~C~ ____ ~ ~~~~ul~t==~~d2D 

/ 
l3~lt 

B a C Plastic 
f=============-/~~==~====~~::==l3c Loading 

-r-F-==~~~At,/~-~=======ao=C==~=J2D y ~~ Stress / C Elastic 
...l--_Il-tL.- 1...--__ ...:p:....;a::..;t:.:;h::.....L.. ___________ -__ 13o Region 

J1 

Figure 5.7 - Loading Surface pC and Potential Surface gC on the II - --1J2D 

Space 

5.4.3 Flow (Normality) Ruie 

The plastic strain increment of the cement phase is given by: 

p A'I ~ 
d£c = UJ\.c a 

(Jc: 
(5.82) 
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where dAc is a positive scalar factor of proportionality. 

S.4.4 Consistency Equation 

The consistency equation: 

dgc = 0 (S.83) 

has the expanded form: 

~ da + £g: dpe + £8: dx:<= = 0 
aOe cape ax:<= 

(S.84) 

where 

(S.85) 

(5.86) 

(5.87) 

S.4.5 Derivation of Elastoplastic Constitutive Matrix 

The elastoplastic constitutive matrix is easily obtained by employing the 

consistency equation (equation 5.84), the flow rule (equation 5.82) and the 

elastic relation: 
e 

doc = Ee dEc (5.88) 

where Bc is the elastic constitutive matrix, and dE: is the increment of the 

elastic strain. Equation 5.88 can be written as: 

doc = Ee (dEe - dE:) 

or 

.EB:.. dac = Ec dEc - Ee dAe ~ (5.89) 
uOc 

Substituting equations 5.81, 5.82, 5.86, 5.87, and 5.89 into equation 5.84 

yields 

--------------------------
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==> 
':I cT ':I cT ':I c 
~ _ ~ E ..!!B:.. A,\ _ d"'c = 0 
':I Ec dEc ':'I c ':I Ull.c u. 
aGc aGc aGc 

(5.90) 

a.
c 

is defined in equation 5.76 as a function of tc ; thus 

da.c = da.
c ~ = da.

c 
dA.c [ ~ ~l O.S 

~c c ~c a~ a~ 
(5.91) 

where 
T 

dGc = [dcsCll dCS~2 dcsC33 d'tC12 d't~3 d'tC31 ] 
T 

dEc = [dEcll dE~2 dEc33 dy c12 dy ~3 dy c31 ] 

ag
cT 

_ [ ~ ~ ~ ~ ~ 2 agC ] 
aGe - aCSCll acsC12 acsC33 a'tC12 a'tC23 O'tC31 

~-[~ ~ ~ ~ ~.lB:..] 
aGe - aCSCll acsC12 acsC33 a'tC12 a'tC23 a'tc

31 

Substituting equation 5.91 into equation 5.92 yields: 

~ 
a 

Ee dEc 
Gc (5.92) dAc = 

~ 18.:. + da.c 
[ ~ agcT] 0.5 

acsc Ec aGc dtc aoc acsc 

Substituting equation 5.92 into equation 5.89 yields: 

(5.93) 

where 
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(5.94) 

It can clearly seen from equation 5.94 that the plastic hardening modulus 

(second term of the denominator) is not a function of the confinement, but it 

decreases as shearing increases. 

5.4.6 Yield Surface Drift Correction 

The correction approach presented here for the cement phase is similar to 

the one described in section 5.3.6 for the soil phase. The technique is based 

on the trapezoidal rule. A summary is presented here for completeness. A 

plastic loading increment of stress A G
Cu 

in Figure 5.6 moves the state of 

.stress from point A to point B, which lies outside the new failure surface pC , 

Mathematically, 

pC[ GCn!1' ~cn+~ ) > 0 

However, the 'borrect" solution is at point C, or 

pS (Gcc,~; ) = 0 

The process of bringing point B to Cis called.drift correction. The following 

relation for the elastic strain (E - e! -) is true: 

(5.95) 

==> 

(5.96) 

but 

(5.97) 

Thus, equation 5.95 becomes: 



144 

CJcn+1 = CJCn + Ec aECn - Ec aE~ (5.98) 

The second tenn. of equation 5.98 (elastic predictor) is applied first (Figure 

5.6) and the value of FC is checked against tolerance; pC is given by: 

F
C = ~J2D - ri (tc) J 1 = 0 (5.99) 

Since point B lies outside the failure surface FC, the following holds: 

(5.100a) 

but 

F
C
[ CJCD: 1 + aCJc ' tC:+l + atc ] = 0 (5.100b) 

The third term of equation 5.98 (plastic corrector) is applied incrementally 

until convergence. The direction of plastic increment is shown on Figure 5.6. 

Mathematically, using the trapezoidal rule, 

dEg = <lAc [(1-1) ~aa c + 1 a agC 1 (5.101) 
CJeu. CJcD+1 

where 1 is a factor between 0 and 1. A value of 0.5 was used for 'Y in this 

model. Initially, it is assumed that 

tCn+l = tCn 
Using equation 5.101, the following is obtained: 

~c = dAc . scalarc 

where 

(5.102) 

(5.103) 

r 1

M 

scalar, = JI-Y) ;t: +Y at.:, ]'[(1-Y) aa.::. +Y a:.::, t 
and <lAc needs to be determined. The stress increment (third tenn in equation 

5.98) is given as: 

or 

[ ~ agc] 
dCJc = - Ec <lAc (1-1) aCJ

cn 
+ 'Y aCJ

CD
+ 1 (5.104) 

By using linear Taylor expansion approximation on equation 5.100b, the 
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following is obtained: 

==> 
T 

F" ("c,,+ 1 • t... .. ) - a~+ 1 Ee <IA., [(l-1) a:::. + 1 a:.:: 1 j-
d(i 

J 1 cit cIA..:. scalar c = 0 
c 

==> 

dA.c = 
FC(o t) 

Co- 1 ' cn+l _--::--_____ --=-u:;..;,+...::.-_;:.;...;;. ________ (5.105) 

""'a~~';;"~n_e:-l- E. [(l-r) a:::. + 1 ""'a-:;;.,t;C~;;:"'+-l-j +- 11 :: - scalar, 

The value of dAc is substituted into equation 5.104 and the procedure is 

performed incrementally until convergence. 

5.4.7 Compression Rate Parameter 

In the potential surface equation: 

gc = ..JJ2D - pC(tc) J1 - ,c:(pc, J1) = 0, 

the parameter pC is referred to as a compression rate parameter in this mo~el. 

llc is related to the slope of the II - ..JIw in the same way as lls (equation 

5.74). The parameter pC was introduced due to the observed experimental 

behavior which showed that the cemented sand specimens compressed more 

compared to the uncemented (clean) sand specimens. The existence of 

cementation keeps many sand grains apart. An exaggerated illustration of this 

phenomenon is given in Figure 3.1a. Thus the soil skeleton becomes more 

compressible due to the compression and shearing of the cementation bonds. 

A function, in the 11 - ..JI2D space, is selected to simulate this compressibility 

of the cement bonds. The related function is given as: 
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VI2D 
fII == (5.106) 

1 VI2D --+--
~ ap 

~c is related to the derivative of the above function (equation 5.106) by: 

~c _ 1 dfII 
- - 6 d~I2D 

==> 

f++ VI!D( 
L E~ a~ J 

1 (5.107) 

where Ep and ap are material parameters. A single function (equation 5.106) 

was used for all different levels of cementation. 

5.408 Proposed Gradual Damage in Cementation 

The gradual damage of the internal structure of the cement bonds within 

the soil mass is embedded within the model. The hypothesis adopted for the 

gradual damage is given in the mathematical form as: 
n = n eO etc 

c cO (5.108) 

where 

ncO: is the initial volumetric content of undamaged cementation (section 

5.4.10), 

nc: is the current volumetric content of undamaged cementation 

(equation 5.6b), and 

9: is a damage parameter. 

Thus, the change in nc is given by: 

dnc = - ncO geo etc ~c (5.109) 

----------------- ------- ~ _ ... -~-



5.4.9 Evaluation of the Constitutive Vector 8 

The variation of ne was expressed in equation 5.19 as: 

dne = ST de 
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Using the flow rule for the cement phase (equation 5.82) and the relation 

( 
T ] 0.5 

te = J dE: dE: 

the following equation for cite is obtained: 

_ [~~]0.5 
cite - dAc ':l ':l 

oGe oGc 
(5.110) 

Using equation 5.92 for dAe and equation 5.110 for ~e and substituting them 

into equation 5.109 yields the following: 

where 

_ ncO ee - 9~e [~ ageT] 0.5 
aGc aGc 

dne = -----------------------------
~ ~ + dcxe [afteT ~]O.5 
':l Ec ':l ..3A ':l ':l aGc aGe uee aGc aGc 

_ n 0 e e - 9'€c [~~] 0.5 
e aGc aGc 

8T = --------------

agcT E .ElE. + dcxc [ ~ agcT] 0.5 
aGc c aGc citc aGc aGc 

where e is the damage parameter to be determined. 

5.4.10 Evaluation of ncO 

(5.112) 

For a given percent of cement content Wc by total weight of sand and 

cement combined, the value of ncO can be determined from the phase diagram 

(Figure 5.8). The total dry density of the cemented sand sample P;;y is given 



as: 

==> 

==> 
SC M 

Pdry = T 

Since the solid density of the cement phase Pc is known, thus 

or 

Since VT = 1, then 

Mc COC MT 
Vc= -= 

Pc Pc 

sc 
Pdry 

ncO = Cl'lc 
Pc 

Figure 5.8 - Phase Diagram of Cemented Soils 
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(5.113) 

(5.114) 

(5.115) 
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6. DETERMINATION OF MATERIAL PARAMETERS 

The material constants associated with the sand phase and the cement phase 

are presented in sections 6.1 and 6.2, respectively. Desrciption of the methods 

to obtain these parameters is presented in this chapter. 

6.1 Sand Phase Parameters 

The material constants associated with the sand phase can be grouped or 

classified into the following categories: . 

1. Elastic parameters: ES and VS 

2. Loading surface and hardening parameters: ~, E~, and Clu~t 

3. Dilation rate parameters: ~~ and P; 
All parameters are obtained from drained triaxial compression tests. 

6.1.1 Elastic Parameters 

There are two independent constants for linear isotropic elasticity: Young's 

modulus ES and Poisson's ratio vS
• While E is considered constant for most 

engineering materials, it is confining pressure dependent for soils. Figure 6.1 

shows Young's modulus E\ normalized by the atmospheric pressure, Pa , 

plotted against the effective confining pressure divided by the atmospheric 

pressure, Pa, on log-log scales. The data reasonably fit a straight line, and the 

general equation takes the following form (Janbu 1963; Wong and Duncan 

1974): 

(6.1) 

where K is the intercept at oyPa = 1, and is directly related to the stiffness of 

the sample, while n is the slope of the line and indicates the effect of the 
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confining pressure on the stiffness and is directly related to the frictional 

component of the strength. The value of the modulus ES is obtained from the 

stress-strain curve just before the curve become obviously non-linear. Also, at 

that point, the lateral strain is evaluated to obtain Poisson's ratio vS
• The 

value of V
S is computed for each test and then averaged. The elastic 

parameters are listed in Table 6.1. 

1000 
- ES/Pa _ 497·(a;/Pa)O.51 

0 as = 14.5 psi 

800 .A as = 29.0 psi , 
lIE as = 43.5 psi 

700 

E S .A 

600 
0 

Pa 500 

400 

300 '--___ --.........1... ____ ....1-.. __ '------1 

0.6 1 2 3 4 

Figure 6.1 - Elastic Modulus as a Function of the Confining Pressure 

6.1.2 Loading Surface and Hardening Parameters (Equation 5.30) 

For sandy soils, the c~hesive strength is negligible and thus ; in equation 

(5.28) is equal to zero. For conventional triaxial tests, the value of as is 

related to the effective friction angle ~' by the following relation; 
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(i = -=-..;;2_s=in .... 2,-'-.,--
"J3 (3 - sin ~') 

(6.2) 

The ultimate value ~t is obtained using equation 6.2. The hardening rule 

used in this model is given by: 

as= ~+ ___________ t~s~ ________ _ 
_1_+ ts 

(6.3) 

E~ <Xu~t - ag 
where at any stress point on the J 1 - ..JJ2D space, 

s ..JJ2D 
a = ~ (6.4) 

Figure 6.2 show the values of as plotted against ts .• Both experimental results 

and hardening rule adopted in this model are shown in Figure 6.2. The values 

of the failure surface and hardening parameters are listed in Table 6.1. 

0.4 r----------------, 
-- as = 0.2 + £5/(1/20 + £5/(0.323 - 0.20)) 
0-00'3 = 14.5 psi 
.-. 0'3 = 29.0 psi 
lIE-lIE 0'3 = 43.5 psi 0.35 

0.01 0.02 0.03 0.04 0.05 -
Figure 6.2 - Loading Surface Parameters for the Sand Phase 



Table 6.1 - Soil Parameters 

Parameters 

Elastic Parameters 

K 

n 
s 

V 

Loading! Hardening 

Surface Parameters 

s 
<lult 

Values 

497 psi (3.4 MPa) 

0.51 

0.29 

0.2 

20 

0.323 

152 
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6.1.3 Dilation Rate Parameters 

It was established in chapter 4 of this dissertation that the rate of 

dilation decreases for any degree of cementation as the confining 

pressure increases. Thus, an exponential decay function is used to 

model this behavior and the function is given by: 
S I 

~=~~~~ ~~ 
The dilation rate for each test is obtained by plotting the data on the 11 

- ~12D space for all confining pressures for various percentages of 

cementation. The slope of the each curve 'l's on this space is related 

directly to the value of I3s as shown in equation 5.74. Using the method 

of least square, four different functions are obtained for four levels of 

cementation. The values of the parameters in equation 6.5 are listed in 

Table 6.2. 

Table 6.2 - Dilation Rate Parameters 

Cement Content % I3g ~ 

0 0.123 0.0140 

2 0.119 0.0233 

4 0.211 0.0300 

6 0.223 0.0177 
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6.2 Cement Phase Parameters 

The cement parameters associated with this model are obtained from the 

drained triaxial compression test with 03 = 2.175 psi (15 kPa). This test is 

considered as the unconfined compression test since this was the lowest 

confining pressure that could be tested in the triaxial apparatus that allowed 

volumetric strain measurements. Furthermore, the unconfined compression 

tests on 6 in. (15.2 em) diameter are not used for determination of cement 

phase parameters due to the problems associated with these tests as mentioned 

in chapter 4. The material constants associated with the cement model can be 

grouped or classified into the following categories: 

1. Elastic parameters: EC and VC 

2. Initial cementation: ncO 

3. Loading surface and hardening parameters: ~, E~, and CXul~ 

4. Damage parameter: e 
5. Compression rate parameters: E~ and Ll ~ 

6.2.1 Elastic Parameters 

Figure 6.3 shows a typical stress-strain diagram for the unconfined 

compression test (zero confining pressure) for cemented sands. Since sandy 

soils have no strength under zero' confinement, the general equation of 

stresses under dry conditions: 

(6.6) 

becomes 

(6.7) 

Thus, for uniaxial compression test with no confinement, equation 6.7 

becomes: 

01 = nc 0Cl (6.8) 

where 01 is the total applied stress and 0Cl is the uniaxial intrinsic stress of 
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the cement phase. Therefore, 

E = ncO E
C 

(6.9) 

where E is the modulus value of the cemented sands at zero confining 

pressure with respect to the total stresses, EC is the modulus value of the 

cement phase at zero confinement with respect to the intrinsic stresses of the 

cement phase, and ncO is the initial value of nc (section 6.2.2). The values of 

E and EC are evaluated just before the stress-strain curves become non-linear. 

Most reported values for Poisson's ratio of concrete fall within the range of 

0.10 to 0.20 (Waddell 1974). Thus, a value of 0.20 is selected for the 

parameter yC "'. The values of E are listed in table 6.3, from which the values 

of EC can be obtained. 

6.2.2 Initial Cementation 

The initial value of nc can be evaluated using the following relation: 
sc 

Pdry (6 0) nco = roc .1 
Pc 

where roc is percent of cement content by total weight of sand and cement 

combined. The value of Pc is 197 pef (3.15 Mg/m3) (Waddell 1974). The 

values for P~~y for different percent of cementation are listed in Tables 4.3 

and 4.4. Using equation 6.10, the values of ncO for various cement contents 

are calculated and listed in Table 6.3 . 

... The actual values are larger, ranging from 0.22 for 6% cement content to 

0.3 for 2% cement content, due to the interaction of the cement and the sand 

particles. However, yC = 0.2 is used for simplicity without significant effects 

on the overall predictions. 



6.2.3 Loading Surface and Hardening Parameters (Equation 5.75) 

The hardening rule used for the cement phase model is given as: 

c c tc 
a=ao+ 

c c «lult-ao 

c 
Ea= ncoE a 
B 
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(6.11) 

Figure 6.3 - Typical Uniaxial Stress-Strain Diagram for Cemented Sands 

where ~ represents the yield condition and <lul~ represents the ultimate 

condition. These parameters are obtained from the uniaxial compression test. 

Point A in Figure 6.3 is the yield point; thus, 
y 

c 01 
ao = -'~":'n-cO- (6.12) 

Prior to point A, the stress- strain curve is linear and it is assumed that 

cementation breakage is n~gligible, or 

(6.13) 

However, after point A, the curve becomes non-linear and there is a 

progressive breakdown in cementation and the following relation applies: 
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nc = ncO e- etc (6.14) 

The parameter a is the damage parameter and is discussed in details in section 

6.2.4. At point B in Figure 6.3, the ultimate condition is reached. Therefore, 
uit 

c 0'1 
<lult = ~ (6.15) 

c 

Note that the value of nc in equation 6.15 is different from the value of ncO in 

equation 6.12. The parameter E(X is the initial slope of the stress-strain curve 

(with respect to total stresses) where non-linear behavior is observed; thus, 

(6.16) 

6.2.4 Damage Parameter 

The strength of cemented sands can be decomposed into two major 

components: cementation component and frictional component (Figure 6.4). 

Knowing the ultimate strength of cemented sands and the ultimate strength of 

sand only, the ultimate strength of the cement phase can be determined. As 

seen from Figure 3.13, the strength of the cement bonds peak at about the 

same strength for the same cement content regardless of what the value of the 

confining pressure (0'3 up to 58 psi (400 kPa». Thus, knowing the absolute 

ultimate strength of the cement phase from the uniaxial test and knowing the 

ultimate strength from the triaxial tests, the value of the damage parameter a 
can be computed. An example is illustrated here to elaborate on this 

parameter. For 4% cement content, the yield stress and the ultimate stress 

(with respect to total stresses) are found to be: 

O'r = 52 psi (360 kPa) 

O';lt = 77 psi (530 kPa) 

Initial cementation ncO is calculated for 4% cement content using equation 

6.10. 

ncO = 0.01943 
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==> 
~ = 1534 psi (10.6 MPa) 

An assumption is made with respect to the change of nc from point A to 

Point B in Figure 6.3. The value of Dc is assumed to be equal to 95% of its 

original value (nca) at point B. This is later checked and corrected 

appropriately. Thus 

flul~ = 2404 psi (16.6 MPa) 

For 0'3 = 43.5 psi (300 kPa), 

aO'~c = 220 psi (1517 kPa) 
I 

aO'l = 166 psi (1144 kPa) 

==> 
nc a O'cl = 54 psi (373 kPa) 

The value of "'J2D is calculated from a O'cl ~d is equated to the value 

obtained from the uniaxial compression test to calculate the value of nco 

Mathematically, 

==> 

2404= 54 :g nc 

nc = 0.013 

The value of ~c is obtained from the experimental data at the ultimate 

condition. Using equation 6.14, the value of a is obtained. In the example, 

8 = 3.3. The initial assumption for the value of nc at peak strength (95% of 

initial value) is checked and verified by using the calculated value of 8, and 

the procedure might need some iterations. The average values of the damage 

parameter for various cement contents are summarized in Table 6.3. 
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6.4.4 Compression Rate Parameters 

Figure 6.5 shows the function chosen to simulate the extra compression 

observed in the curves of the cemented sands compared to the clean sand 

material. One function is sufficient to model this behavior for all cement 

contents and confining pressures examined here. The function is selected 

based on the experimental ~esults for the confining pressure of 43.5 psi 

(300 kPa), since cracking was prevented to a significant extent and only 

material behavior is recorded. The function is given by: 
..JI2D 

fI = (6.17) 
1 1 'VI2D --+--

E C Il C 
~ P 

where Ep is the initial slope of the curve and Il p is the ultimate value on 

this curve. The value of ~c can be obtained from equation 6.17 as 

~c=_ 1 1 (6.18) 
6Eg 2 

~ r ++ ..JI~ 1 
lE~ 1lf3 J 

The function is plotted in Figure 6.5 with the value of E~ being 1.3 and the 

value of Il ~ being 1.2%. This function is significant up to the maximum 

compression; however, after that, the material dilates and the value of ~c 

becomes insignificant. Thus the agreement between the function used and the 

experimental curves after the peak compression is unimportant. 
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Figure 6.4 - Decomposition of Cemented Sands Strength 
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Figure 6.5 - Function fII and Experimental Data for 0'3 = 43.5 psi (300 kPa) 
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7. VERIFICATION OF THE MODEL 

This chapter is devoted to comparing the experimental data versus the 

theoretical prediction from the proposed model. The experimental data are 

displayed in chapter 4 of this dissertation. The material constants of the sand 

phase and the cement phase that are used in the model are presented in chapter 

6 of this dissertation. This chapter is divided into two main sections. Section 

7.1 presents comparison between observed data and model predictions during 

CTC tests. Section 7.2 furnishes a brief discussion on the comparison between 

observed data and model predictions. 

7.1 Comparison between Observed Data and Model Prediction 

The model described in chapter 5 of this dissertation is used to back predict 

the stress- strain curves and volumetric responses of the material of cemented 

sands. Predictions are compared with experimental observations by plotting 

them on the same graph. Predicted points on the plot are connected either by 

cubic splines or straight lines, while the experimental points were connected 

by straight lines. The piecewise linear representation is assumed to be an 

adequate approximation of the actual nonlinear response. The stress-strain 

curves are represented in terms of the principal strain El vs the deviator stress 

0"1 - 0"3' The volumetric responses, on the other hand, are plotted in terms of 

the principal strain El vs the volumetric strain Evol' 

Figures 7.1 through 7.6 show comparison of experimental results and model 

predictions of the shear behavior and volumetric responses for conventional 

triaxial compression (erC) tests for clean sand. The confining pressures used 

for these tests are 14.5 psi (100 kPa), 29 psi (200 kPa), and 43.5 psi 

(300 kPa). 



163 

Figures 7.7 through 7.14 display comparison of experimental results and 

model predictions of the shear behavior and volumetric responses for 

conventional triaxial compression (CI'C) tests for cemented sands with 2% 

cement content. The confining pressures used for these tests are 2.175 psi 

(15 kPa), 14.5 psi (100 kPa), 29 psi (200 kPa) and 43.5 psi (300 kPa). 

Figures 7.15 through 7.22 exhibit comparison of experimental results and 

model predictions of the shear behavior and volumetric responses for 

conventional triaxial compression (CI'C) tests for cemented sands with 4% 

cement content. The confining pressures used for these tests are 2.175 psi 

(15 kPa), 14.5 psi (100 kPa), 29 psi (200 kPa) and 43.5 psi (300 kPa). 

Figures 7.23 through 7.30 demonstrate comparison of experimental results 

and model predictions of the shear behavior and volumetric responses for 

conventional triaxial compression (CI'C) tests for cemented sands with 6% 

cement content. The confining pressures used for these tests are 2.175 psi 

(15 kPa), 14.5 psi (100 kPa), 29 psi (200 kPa) and 43.5 psi (300 kPa). 
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Figure 7.1 - Comparison of Experimental and Theoretical Shear Behavior of 
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Figure 7.2 - Comparison of Experimental and Theoretical Volumetric 
Response of erc Test for 0'3 = 14.5 psi (100 kPa) on Oean Sand 
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Figure 7.3 - Comparison of Experimental and Theoretical Shear Behavior of 
erc Test for ~ = 29.0 psi (200 kPa) on Clean Sand, (1 psi = 6.9 kPa) 
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Figure 7.4 - Comparison of Experimental and Theoretical Volumetric 
Response of ere Test for (13 = 29.0 psi (200 kPa) on Clean Sand 
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Figure 7.5 - Comparison of Experimental and Theoretical Shear Behavior of 
ere Test for 0'3 = 43.5 psi (300 kPa) on Clean Sand, (1 psi = 6.9 kPa) 
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Figure 7.6 - Comparison of Experimental and Theoretical Volumetric 
Response of erc Test for <13 = 43.5 psi (300 kPa) on Clean Sand 
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Figure 7.7 - Comparison of Experimental and Theoretical Shear Behavior of 
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Figure 7.8 - Comparison of Experimental and Theoretical Volumetric 
Response of erc Test for G3 = 2.175 psi (15 kPa) on Cemented Sands with 
2% Cement Content 
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Figure 7.9 - Comparison of Experimental and Theoretical Shear Behavior of 
erc Test for 03 = 14.5 psi (100 lcPa) on Cemented Sands with 2% Cement 
Content, (1 psi = 6.9 lcPa) 
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Figure 7.10 - Comparison of Experimental and Theoretical Volumetric 
Response of ere Test for <13 = 14.5 psi (100 kPa) on Cemented Sands with 
2% Cement Content 
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Figure 7.11 - Comparison of Experimental and Theoretical Shear Behavior of 
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Figure 7.12 - Comparison of Experimental and Theoretical Volumetric 
Response of ere Test for 03 = 29.0 psi (200 kPa) on Cemented Sands with 
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Figure 7.13 - Comparison of Experimental and Theoretical Shear Behavior of 
erc Test for ~ = 43.5 psi (300 kPa) on Cemented Sands with 2% Cement 
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Figure 7.14 - Comparison of Experimental and Theoretical Volumetric 
Response of erc Test for 0"3 = 43.5 psi (300 kPa) on Cemented Sands with 
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Figure 7.15 - Comparison of Experimental and Theoretical Shear Behavior of 
ere Test for 0'3 = 2.175 psi (15 kPa) on Cemented Sands with 4% Cement 
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Figure 7.16 - Comparison of Experimental and Theoretical Volumetric 
Response of CTC Test for ~ = 2.175 psi (15 kPa) on Cemented Sands with 
4% Cement Content 
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Figure 7.17 - Comparison of Experimental and Theoretical Shear Behavior of 
erc Test for 03 = 14.5 psi (100 kPa) on Cemented Sands with 4% Cement 
Content, (1 psi = 6.9 kPa) 
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Figure 7.18 - Comparison of Experimental and Theoretical Volumetric 
Response of ere Test for OJ = 14.5 psi (100 kPa) on Cemented Sands with 
4% Cement Content 
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Figme 7.19 - Comparison of Experimental and Theoretical Shear Behavior of 
erc Test for 03 = 29.0 psi (200 kPa) on Cemented Sands with 4% Cement 
Content, (1 psi = 6.9 kPa) 
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Figure 7.20 - Comparison of Experimental and Theoretical Volumetric 
Response of erc Test for 03 = 29.0 psi (200 kPa) on Cemented Sands with 
4% Cement Content 
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Figure 7.21 - Comparison of Experimental and Theoretical Shear Behavior of 
erc Test for 0'3 = 43.5 psi (300 kPa) on Cemented Sands with 4% Cement 
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Figure 7.22 - Comparison of Experimental and Theoretical Volumetric 
Response of CTC Test for 0"3 = 43.5 psi (300 kPa) on Cemented Sands with 
4% Cement Content 
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Figure 7.23 - Comparison of Experimental and Theoretical Shear Behavior of 
ere Test for <13 = 2.175 psi (15 kPa) on Cemented Sands with 6% Cement 
Content, (1 psi = 6.9 kPa) 
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Figure 7.24 - Comparison of Experimental and Theoretical Volumetric 
Response of ere Test for ~ = 2.175 psi (15 kPa) on Cemented Sands with 
6% Cement Content 
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Figure 7.25 - Comparison of Experimental and Theoretical Shear Behavior of 
ere Test for 0'3 = 14.5 psi (100 kPa) on Cemented Sands with 6% Cement 
Content, (1 psi = 6.9 kPa) 
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Figure 7.26 - Comparison of Experimental and Theoretical Volumetric 
Response of ere Test for ~ = 14.5 psi (100 kPa) on Cemented Sands with 
6% Cement Content 
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Figure 7.27 - Comparison of Experimental and Theoretical Shear Behavior of 
erc Test for G3 = 29.0 psi (200 kPa) on Cemented Sands with 6% Cement 
Content, (1 psi = 6.9 kPa) 
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Figure 7.28 - Comparison of Experimental and Theoretical Volumetric 
Response of erc Test for 03 = 29.0 psi (200 kPa) on Cemented Sands with 
6% Cement Content 
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Figure 7.29 - Comparison of Experimental and Theoretical Shear Behavior of 
ere Test for 0'3 = 43.5 psi (300 kPa) on Cemented Sands with 6% Cement 
Content, (1 psi = 6.9 kPa) 
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Figure 7.30 - Comparison of Experimental and Theoretical Volumetric 
Response of erc Test for 0'3 = 43.5 psi (300 kPa) on Cemented Sands with 
6% Cement Content 
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7.2 Discussion on the Comparison 

The shear behavior predicted by the model for uncemented sand under 

confining pressure of 14.5 psi (100 kPa) (Figure 7.1) is not very close to the 

observed data. This is due to the stiffer behavior observed under this 

confining pressure as shown in Figure 6.2. However, under confining 

pressures of 29 psi (200 kPa) and 43.5 psi (300 kPa), the model prediction is 

excellent. 

The shear behavior predicted by the model for the cemented sand with 2% 

cement content (Figures 7.7, 7.9, 7.11 and 7.13) is slightly stiffer than the 

observed data. This is attributed to the fact that the densities of the cemented 

sands with 2% cement content were lower than the uncemented sands as 

mentioned in chapter 4 of this dissertation. Thus, the observed data are more 

compliant than the model prediction. Due to the low percentage of 

cementation (2% cement content), "good" quality specimens were very difficult 

to prepare. 

The shear behavior predicted by the model for cemented sands for 4% 

cement content (Figures 7.15, 7.17, 7.19 and 7.21) and for 6% cement content 

(Figures 7.23, 7.25, 7.27, and 7.29) are very good. The model, as displayed in 

the figures, is capable of simulating'the softening behavior of cemented sands 

qualitatively as well as quantitatively. 

The most impressive performance of the current model is observed in the 

dilatation predictions, considering physical complexities that govern the 

phenomenon. In most cases, the comparison is proven to be very good. 

In summary, the overall prediction of the shear and volumetric behavior is 

very good. Assembling simple plasticity models for the individual phases of 
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the material of cemented sands with the aid of the theory of mixtures provides 

effective way of simulating the complicated behavior of cemented sands. 
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8. SUMMARY AND CONCLUSIONS 

Cemented soils are found in many areas around the world with various 

cementing agents and different levels of concentration. Due to the importance 

role of cementation on the behavior of relatively loose and weak. sand deposits, 

the method of artificial cementation is becoming a common method of soil 

stabilization. Cemented soils are widely used in several transportation, 

structural and geotechnical engineering applications. Thus, knowledge of the 

load-deformation and strength response of cemented soils is essential in order 

to use the material properly in various applications. In this investigation, the 

behavior of artificially cemented sands were explored both experimentally and 

theoretically. 

The first stage of the study involves performing an extensive laboratory 

testing program on cemented sands. The main objective of the experimental 

program is to understand the stress-strain curves and volumetric responses for 

the material of cemented sands. The program includes examining the effects 

of specimen slenderness on the behavior of cemented sands. Degree of 

cementation effects are also investigated. Finally, the effects of the confining 

pressure on the behavior of cemented sands are examined. 

To study the slenderness effects, a series of unconfined compression tests 

are performed on cemented sands with 4% cement content on 6 in. (15.2 em) 

diameter samples with slenderness ratios ranging from 0.5 to 2. Another 

series of drained triaxial compression tests are also carried out on cemented 

sands with 4% cement content on 4 in. (10.2 em) diameter samples with 

slenderness ratios ranging ·from 0.75 to 1.875. The results show that samples 

with slenderness ratio of 1.5 or greater display lower strength, higher dilation 

rates, and relatively brittle behavior when compared to specimens with 
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slenderness ratio of 1. It is concluded that the "usual" height to diameter ratio 

of 2: 1 is not suitable for testing cemented sands due to intense surface 

initiated failure effects, which results in ''unrealistic'' material behavior. 

Therefore, a slenderness ratio of 1 is considered to be adequate for testing 

cemented sands with proper precautions regarding end effects. 

Additional drained triaxial tests are performed on cemented sands with 2% 

and 6% cement content as well on clean sands to examine the effects of 

cementation. The results demonstrate that the strength and the stiffness 

increase as the cement content increases. The rate of softening and the rate of 

dilation are found to increase as the cement content mcreases. Cemented sand 

samples compress more than clean sand specimens before they expand. The 

reason for such behavior is attributed to the compression of the cement matrix 

within the soil mass. Cemented sands have an essentially straight line Mohr

Coulomb failure envelope in compression, with cohesion intercept that 

increases with the degree of cementation. The effective friction angles 

measured for cemented sands with various cementation levels are in the same 

ranges as the effective friction angle evaluated for uncemented sands. 

The stress- strain curves and volumetric responses are highly dependent on 

the confining pressure. The results indicate that as the confining pressure 

increases, the strength and the stiffness of the material increase, whereas, the 

rate of dilation and the rate of softening decrease with increasing confining 

pressure. Failure modes of the material vary from brittle to ductile depending 

upon the level of cementation and the degree of confinement. For very low 

percentage of cement content, the material exhibits a ductile mode of failure, 

whereas, for relatively high percentage of cementation, there is a transition 

from brittle to ductile failure modes as confining pressure increases. The 

reason for such behavior lies in the relative contributions of cementation and 

friction to the overall shearing resistance. 
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The second portion of the investigation involves development of a 

constitutive model for the cemented sands. The development and 

implementation of the model includes mathematical formulation of the 

constitutive relations, identification of parameters and their determination 

from laboratory tests, and verification of the model by back-predicting the 

observed data. 

Cemented sand is viewed as a multi-phase material comprising three 

phases: sand, cement and pore water. The elastoplastic behavior of cemented 

sands is the result of the behavior of the individual phases plus the interaction 

of the phases. Therefore, the sand phase and the cement phase are modeled 

independently using the theory of plasticity. These individual models for the 

phases are assembled using the theory of mixtures to simulate the response of 

the material of cemented sands. The gradual damage of the internal structure 

of cemented sands is included within the formulation of the model. 

The model parameters are identified and determined from laboratory 

experiments. Successful prediction of observed data is also accomplished. In 

evaluating the performance of the model, the following conclusions are made: 

1. The overall predictions of the shear and volumetric behavior of 

cemented sands are very good. 

2. Dilatation predictions are the most impressive, considering the 

physical complexities that govern the phenomenon. 

Mixtures theory is used to furnish a sophisticated yet simple and effectual 

means of characterizing the complex behavior of cemented sands; thus it 

should provide a different "vision" in the constitutive modeling of 

geomaterials. 
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Figure B.I - Stress-Strain Curves for Cemented Sands with 2% Cement 
Content under <13 = 2.175 psi (15 kPa) for SR = 1.0, (1 psi = 6.9 kPa) 
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Figure B.2 - Volwnetric Strain Response for Cemented Sands with 2% 
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Figure B.3 - Stress-Strain Curves for Cemented Sands with 2% Cement 
Content under 03 = 14.5 psi (100 kPa) for SR = 1.0, (1 psi = 6.9 kPa) 
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Figure B.4 - Volumetric Strain Response for Cemented Sands with 2% 
Cement Content under 0'3 = 14.5 psi (100 kPa) for SR = 1.0 
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Figure B.S - Stress-Strain Curves for Cemented Sands with 2% Cement 
Content under <J3 = 29.0 psi (200 kPa) for SR = 1.0, (1 psi = 6.9 kPa) 
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Figure B.7 - Stress-Strain Curves for Cemented Sands with 2% Cement 
Content under 03 = 43.5 psi (300 kPa) for SR = 1.0, (1 psi = 6.9 kPa) 
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Figure B.8 • Volumetric Strain Response for Cemented Sands with 2% 
Cement Content under 03 = 43.5 psi (300 kPa) for SR = 1.0 
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Figure B.9 - Mohr-Coulomb Failure Envelope for Cemented Sands with 2% 
Cement Content, (1 psi = 6.9 kPa) 
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Figure C.I - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under Unconfined Compression Test for SR = 0.5, (1 psi = 6.9 kPa) 
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Figure C.2 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under Unconfined Compression Test for SR = 0.5 
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Figure C.3 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under Unconfined Compression Test for SR = 0.75, (1 psi = 6.9 kPa) 
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Figure C.4 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under Unconfined Compression Test for SR = 0.75 
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Figure C.S - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under Unconfined Compression Test for SR = 1.0, (1 psi = 6.9 kPa) 
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Figure C.6 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under Unconfined Compression Test for SR = 1.0 

---------- --_. 



224 

40 ~------------------------~ 

30 ~ 

20 - 0-0 Test # 1 

O~~~I~--~I----_I~--~I----~ 
o 0.2 0.4 0.6 0.8 1 

£1 % 

Figure C.7 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under Unconfined Compression Test for SR = 1.5, (1 psi = 6.9 kPa) 
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Figure C.8 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under Unconfined Compression Test for SR = 1.5 
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Figure C.9 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under Unconfined Compression Test for SR = 2.0, (1 psi = 6.9 kPa) 
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Figure C.IO - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under Unconfined Compression Test for SR = 2.0 
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Figure c.n - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under 03 = 2.175 psi (15 kPa) for SR = 0.75, (1 psi = 6.9 kPa) 
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Figure C.12 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under 0'3 = 2.175 psi (15 kPa) for SR = 0.75 
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Figure C.13 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under 03 = 14.5 psi (100 kPa) for SR = 0.75, (1 psi = 6.9 kPa) 
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Figure C.14 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under 0'3 = 14.5 psi (100 kPa) for SR = 0.75 
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Figure C.IS - Stress-Strain Curves for Cemented Sands with 4% Cement 
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Figure C.16 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under 0'3 = 29.0 psi (200 kPa) for SR = 0.75 
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Figure C.17 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under 03 = 43.5 psi (300 kPa) for SR = 0.75, (1 psi = 6.9 kPa) 
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Figure C.IS - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under <13 = 43.5 psi (300 kPa) for SR = 0.75 
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Figure C.19 - Mohr-Coulomb Failure Envelope for Cemented Sands with 4% 
Cement Content for SR = 0.75, (1 psi = 6.9 kPa) 
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Figure C.20 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under G3 = 2.175 psi (15 kPa) for SR = 1.0, (1 psi = 6.9 kPa) 
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Figure C.2! - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under 03 = 2.175 psi (15 kPa) for SR = 1.0 
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Figure C.22 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under (j3 = 14.5 psi (100 kPa) for SR = 1.0, (1 psi = 6.9 kPa) 
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Figure C.23 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under 03 = 14.5 psi (100 kPa) for SR = 1.0 
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Figure C.24 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under 0'3 = 29.0 psi (200 kPa) for SR = 1.0, (1 psi = 6.9 kPa) 
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Figure C.25 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under 0'3 = 29.0 psi (200 kPa) for SR = 1.0 
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Figure C.26 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under 0'3 = 43.5 psi (300 kPa) for SR = 1.0, (1 psi = 6.9 kPa) 
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Figure C.27 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under 0'3 = 43.5 psi (300 kPa) for SR = 1.0 
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Figure C.28 - Mohr-Coulomb Failure Envelope for Cemented Sands with 4% 
Cement Content for SR = 1.0, (1 psi = 6.9 kPa) 
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Figure C.29 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under 03 = 2.175 psi (15 kPa) for SR = 1.5, (1 psi = 6.9 kPa) 
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Figure C.30 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under 0'3 = 2.175 psi (15 kPa) for SR = 1.5 
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Figure C.31 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under cr3 = 14.5 psi (100 kPa) for SR = 1.5, (1 psi = 6.9 kPa) 
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Figure C.32 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under 03 = 14.5 psi (100 kPa) for SR = 1.5 



250 

150 .-----------------, 

0-0 Test # 1 
A-A Test # 2 

O~----~I------~I------~I----~ 
o 246 8 

£1 % 

Figure C.33 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under 0"3 = 29.0 psi (200 kPa) for SR = 1.5, (1 psi = 6.9 kPa) 
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Figure C.34 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under 0'3 = 29.0 psi (200 kPa) for SR = 1.5 
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Figure C.35 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under 0'3 = 43.5 psi (300 kPa) for SR = 1.5, (1 psi = 6.9 kPa) 
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Figure C.36 - Volwnetric Strain Response for Cemented Sands with 4% 
Cement Content under CJ3 = 43.5 psi (300 kPa) for SR = 1.5 
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Figure C.37 - Mohr-Coulomb Failure Envelope for Cemented Sands with 4% 
Cement Content for SR = 1.5, (1 psi = 6.9 kPa) 
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Figure C.38 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under <J3 = 2.175 psi (15 kPa) for SR = 1.875, (1 psi = 6.9 kPa) 
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Figure C.39 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under 03 = 2.175 psi (15 kPa) for SR = 1.875 
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Figure C.40 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under 03 = 14.5 psi (100 kPa) for SR = 1.875, (1 psi = 6.9 kPa) 
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Figure C.41 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under 0'3 = 14.5 psi (100 kPa) for SR = 1.875 
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Figure C.42 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under 03 = 29.0 psi (200 kPa) for SR = 1.875, (1 psi = 6.9 kPa) 
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Figure C.43 - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under <13 = 29.0 psi (200 kPa) for SR = 1.875 
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Figure C,44 - Stress-Strain Curves for Cemented Sands with 4% Cement 
Content under cr3 = 43,S psi (300 kPa) for SR = 1.875, (1 psi = 6.9 kPa) 
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Figure C.4S - Volumetric Strain Response for Cemented Sands with 4% 
Cement Content under 0'3 = 43.5 psi (300 kPa) for SR = 1.875 
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Figure C.46 - Mohr-Coulomb Failure Envelope for Cemented Sands with 4% 
Cement Content for SR = 1.875, (1 psi = 6.9 kPa) 
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Figure D.l - Stress-Strain Curves for Cemented Sands with 6% Cement 
Content under 0'3 = 2.175 psi (15 kPa) for SR = 1.0, (1 psi = 6.9 kPa) 
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Figure D.2 - Volumetric Strain Response for Cemented Sands with 6% 
Cement Content under 03 = 2.175 psi (15 kPa) for SR = 1.0 
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Figure D.3 - Stress-Strain Curves for Cemented Sands with 6% Cement 
Content under 0"3 = 14.5 psi (100 kPa) for SR = 1.0, (1 psi = 6.9 kPa) 



-oe 

o 
:> 

W 

1.5 

1 -

0.5 r-

-0.5 f-

-1 o 

268 

0-0 Test # 1 
A-A Test # 2 

I I I 1 

0.5 1 1.5 2 2.5 3 

81 % 

Figure D.4 - Volumetric Strain Response for Cemented Sands with 6% 
Cement Content under <13 = 14.5 psi (100 kPa) for SR = 1.0 
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Figure D.S - Stress-Strain Curves for Cemented Sands with 6% Cement 
Content under 03 = 29.0 psi (200 kPa) for SR = 1.0, (1 psi = 6.9 kPa) 
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Figure D.6 - Volumetric Strain Response for Cemented Sands with 6% 
Cement Content under <i3 = 29.0 psi (200 kPa) for SR = 1.0 
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Figure D.7 - Stress-Strain Curves for Cemented Sands with 6% Cement 
Content under <13 = 43.5 psi (300 kPa) for SR = 1.0, (1 psi = 6.9 kPa) 
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Figure D.S - Volumetric Strain Response for Cemented Sands with 6% 
Cement Content under 03 = 43.5 psi (300 kPa) for SR = 1.0 
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Figure D.9 - Mohr-Coulomb Failure Envelope for Cemented Sands with 6% 
Cement Content, (1 psi = 6.9 kPa) 
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