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I. INTRODUCTION 

Loess is avoided as a foundation 80i1 because of its peculiar 

behavior. Terzaghi (1) described loess as one of the most treacherous 

foundation soils to be encountered in nature, because of its behavior 

after saturation. 

Loess is not a rare soil but covers vast areas of the world. In 

the United States 10essia1 deposits are found in Nebraska, Kansas, 

Wisconsin, Illinois, Tennessee. Mississippi, Idaho, Washington, and Iowa, 

where loess is one of the major surface soils. Loess is generally 

considered to be composed of ailt size particles of desert or glacio

fluvial origin which have been eroded, transported, and deposited by 

wind action. 

All foundations constructed by the civil engineer ultimately derive 

their support from the underlying soil or rock. A knowledge of the 

engineering properties of the foundation material is necessary to determine 

its behavior under a structural load. A thorough knowledge of the 

engineering properties of loess is essential to safely utilize this 

material as a foundation soil. The origin and deposition of loess, its 

mineralogical composition, and its properties are extenSively described 

in the literature, but little information is found on the actual 

experiences with loess as a foundation soil. 

Perhaps the most important consideration in foundation engineering 

is predicting the bearing capacity of a soil. Bearing capacity is defined 

as the largest intensity of pressure which may be applied to the soil by 

a structure or structural member without causing excessive settlement or 
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danger of failure of the soil in shear. Detrimental settlement depends 

on the stress-deformation characteristics of the soil and is generally 

evaluated by a consolidation test. Shearing strength of a soil may be 

determined by the direct shear test or the triaxial shear test. Advan

tages of the latter are; independent control of the three principal 

stresses (two of which are equal for cylindrical samples), more uniform 

distribution of stresses throughout the sample, control of drainage 

conditions, measurement of pore pressure, and relatively accurate 

measurement of volume changes. The main disadvantages are the expensive 

apparatus and the trained technicians required for accurate testing. 

The objective of this investigation was to determine how shearing 

strength of several 10es8ia1 soils from southwestern Iowa is affected 

by saturation and by consolidation. The shearing strength of a soil is 

its ability to resist sliding along internal surfaces. Some of the 

numerous variables affecting shearing strength are, coefficient of 

internal friction, intergranular pressure, pore pressure, cohesion, 

pressure history of the soil, drainage conditions, consolidation 

pressures, void ratios, water content, and air content. 
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II. REVIEW OF LITERATURE 

A. Description of Loessial Soils 

Loess is described petrographically as a quartzose, somewhat 

feldspathic clastic sediment composed of a uniformly sorted mixture 

of fine sand, silt, and clay particles arranged in an open and cohesive 

fabric normally resulting in a natural dry density of seventy to ninety 

pounds per cubic foot. The shape of the individual granular components 

ranges from irregular to platy, fibrous, or prismatic. Quartz and 

feldspars are irregular in shape; micas are platy, hornblende, zircon, 

pyroxenes, and apatite are prismatic, and sillimanite is fibrous. The 

clay minerals, montmorillonite and illite, occur as very fine platy 

crystals. Generally, the montmorillonite clay partially or completely 

envelopes the granules 8S a thin shell. These clay shells probably aid 

in the bonding of the granules together and in bonding the grains to 

the clay in the matrix (2). 

Loess structure is characteristically a loose arrangement of silt 

particles with numerous voids and vertical root-like channels (3). 

The Bureau of Reclamation studied 10essia1 soils from the Missouri 

River Basin in central Nebraska (4, 5, 6, 7). Gibbs and Holland (2) 

reported that the physical properties of most of these 10essia1 soils 

were quite similar as to gradation, specific gravity, and plasticity. 

Most of the 10es8is1 soils were classified as silty-loess while the 

remainder were classified as sandy-loesa or clayey-loess. The specific 

gravity varied between very narrow limits, averaging 2.65. A plasticity 

index of from 5 to 12 percent, combined with the liquid ltmit varying 
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from 28 to 34 percent. was characteristic for the silty-loess. The 

mineral constituents were also quite similar, which suggests a similar 

source area. Although the proportions of quartz, montmorillonite, and 

minor minerals varied moderately, most of the soils behaved similarly. 

Some 10essial 80i1s were calcareous while others were leached free of 

carbonates. The Iowa Engineering Experiment Station at Iowa State 

University studied the physical properties of Iowa loess (8), and 

found it to be similar to the Nebraska loess. The loess was alao 

found to be predominantly silty with the clay content increasing with 

distance from the believed source of sediments. 

B. Consolidation of Loessial Soils 

Any soil structure may be considered to be a skeleton of solid 

grains enclosing voids which may be filled with liquid, gas, or a 

combination of both. When the soil structure is stressed by an 

external load so that a gradual reduction in volume occurs, the phenom

enon is referred to as consolidation. The reduction in volume is 

generally attributed to the escape of water and air from the pores, 

causing a reduction in void volume (9). 

The theory of consolidation was first proposed by Terzaghi based 

on a stress-strain-time relationship for a saturated soil. Nine assump

tions were made, including complete saturation, negligible compressibility 

of the soil grains and water, one-dimensional compression, one-dimensional 

flow of water, and the validity of Darcy's law (9). The one-dimensional 

consolidation test and settlement analysis were developed based on 

Terzaghi's theory (10). 
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Primary consolidation of a saturated soil is a gradual process 

which involves the simultaneous escape of water from the pores and the 

transfer of stress from the pore water to the soil structure. Where 

complete consolidation of a soil is delayed for reasons other than 

permeability, such as plastic lag, this phase of consolidation is 

termed secondary consolidation. 

When a saturated soil is loaded, the increase in stress is initially 

carried largely by the pore water as hydrostatic excess pressure. As 

the water escapes, the stress carried by the pore water 1s transferred 

to the soil structure until the hydrostatic excess pressure is zero. 

The volume of the soil mass is reduced proportional to the volume of 

water which escapes. 

For a partially saturated soil, Terzaghi's theory is not completely 

applicable since the compressible gas in the pores may allow appreciable 

reduction in the void volume without the escape of pore water. Pressures 

thus developed in the soil pores may be predominately from the compressed 

gas. Additional reduction of void volume may also occur as both air and 

water escape. For the lack of a reliable consolidation test for partially 

saturated 80ils, engineers continue to utilize the one-dimensional 

consolidation test (11). 

Gibbs and Holland (2) in their investigation of 10essia1 soils in 

the Nebraska-Kansas area found that the moisture content of the natural 

in-aitu soil is normally less than twenty percent of the dry soil weight. 

About thirty-five percent moisture content was required for complete 

saturation. The Bureau of Reclamation made many one-dimensional consoli

dation tests of undisturbed loessial 80ils in the partially saturated 
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and saturated condition. Clevenger (12) summarized the work of the 

Bureau with these conclusions: 

1. Potential settlement of loess is governed largely by 
the in-situ density and highest moisture content attained 
by the soil. 

2. At low moisture content (less than fifteen percent) 
natural loess will consolidate little until loads in 
excess of 100 psi are applied regardless of density. 
At higher moisture content the supporting capacity 
depends on the density. 

3. At moisture contents from higher than twenty percent 
to complete saturation: 

a. Low density loess (below eighty pounds per 
cubic foot) settles excessively. 

b. Medium density loess (eighty to ninety pounds per 
cubic foot) varies in the amount of consolidation. 

c. High density loess (above ninety pounds per cubic 
foot) does not settle excessively due to high 
moisture content and the soil may be treated as 
ordinary silt. 

4. A loessial soil consolidates about the same amount 
whether it is prewetted or is wetted after loading. 

Olson (13) conducted one-dimensional tests on undisturbed loessial 

soils from southwestern Iowa and found the consolidation results similar 

to the Bureau's work with Nebraska-Kansas loess. 

One-dimensional consolidation of saturated soils is considered 

acceptable for analyzing deep foundations. Shallow foundations, however, 

don't behave as assumed by Terzaghi because of lateral movement of the 

soil and horizontal drainage of water. Lateral shifting of Boil is 

governed largely by the shear resistance of the soil and therefore not 

related to consolidation. The effect of horizontal drainage of water 

may be better characterized by a three-dimensional consolidation test 

such as may be performed in a triaxial test apparatus. A study of two-

and three-dimensional consolidation of saturated clays has been made by 
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several investigators (14, 15, 16, 17). The amount of consolidation or 

volume change was attributed to the volume of water which escaped or 

drained during the test. Carrillo (14) showed that three-dimensional 

consolidation was affected by the horizontal radial flow and vertical 

linear flow of water. Aboshi (17) developed a procedure for estimating 

total settlement by three-dimensional consolidation of saturated clays 

using the concept of equivalent stress ratio and equivalent drainage 

diameter. McKinlay (18) found that the total consolidation was not 

noticeably affected by radial drainage, but the rate of consolidation 

varied to a degree dependent on the lack of homogeneity of the clay. 

Many dams and canals have experienced failure or near failure 

because 10esslal soil foundations settled excessively when saturated 

with water (19). 

No information was found on three-dimensional consolidation of 

partially saturated soils. 

C. Shearing Strength of Loessial Soils 

We may visualize the soil structure as a compressible skeleton of 

solid particles enclosing voids which, in saturated soils, are filled 

with water, or, in partially saturated soils, with water plus air. Shear 

stresses can be carried only by the skeleton of solid particles, but the 

total normal stress on any plane is the sum of the stress carried by the 

solid particles and the pressure of the fluid in the void space. That 

portion of the total normal stress carried by the pore water is termed 

hydrostatic excess pressure. 1 

lHereafter referred to as pore water pressure. 
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The effective normal stress is the difference between the total 

normal stress and pore pressure (20). According to the Coulomb concept, 

shear strength is largely determined by the frictional forces developed 

at the contacts between the soil particles, and maximum resistance to 

shear may be expressed as: 

where 

l' 11& c' + (0'" - u) tan 4> ' e 

1'e 11& shearing strength based on effective stress 

c' = effective cohesion 

U = total pressure normal to the plane considered 

U 11& pore pressure 

(~- u) = effective normal stress to the plane considered 

~ , = effective angle of internal friction 

(1) 

When the shearing strength of a soil is analyzed in terms of total 

stresses, the shear equation becomes: 

l' = C + Q'" tan 4> (2) 

where 

l' = shearing strength based on total stress 

c = apparent cohesion 

Q'" • total pressure normal to the plane considered 

~ 11& apparent angle of internal friction. 

The values of the shear parameters - cohesion and angle of internal 

friction - are not constant soil properties but are coefficients which 

may vary over wide ranges for a given soil under various possible 

conditions of precompression, drainage, and other variables (9). 

In most engineering problems relating to foundation stability, both 
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settlement and shear analysis must be made to determine which is the 

controlling factor. In the shear stability analysis the engineer must 

decide whether to use the effective stress or the total stress analysis. 

The stability problem may be divided into two classes in which (1) the 

pore pressure is independent of the magnitude of the total stresses 

acting in the soil; and (2) the pore pressure depends on the magnitude 

of the stresses acting in the soil and the time which has elapsed 

since their application (20). 

In the first analysis, the shear analysis would be made using 

effective cohesion and effective angle of internal friction. The 

magnitude of the total stresses on a potential slip plane may be estimated 

with reasonable accuracy from static analysis. Taylor (9) describes 

several of these methods, including the Swedish method of slices, Culmann 

method, sliding block method for earth dams, Prandtl solution, Fellenius 

solution. and Terzaghi solution. Since the pore pressure is independent 

of the total stress, it must be determined by flow net studies for steady 

seepage and depth below the water table 8urface for stationary ground 

water, or actually measured in the field. 

In the second method of analysis, where the pore pressure depends 

on the magnitude of the total stress, the shear stability may be made 

using apparent cohesion and apparent angle of internal friction. Total 

stress analysis is applicable only when the stress likely to cause 

failure is imposed under conditions Which allow only negligible dissi

pation of the excess pore pressure, this condition exists only through 

a combination of rapid loading and low permeability of saturated soils, 

as in the esse of initial stability of a foundation on saturated clays. 
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If consolidation occurs such that the pore pressure is dissipated, the 

stability analysis must be made in terms of effective stress. 

Clevenger (12) concluded from his summary of the Bureau's study 

of undisturbed drained and undrained triaxial shear tests of Nebraska-

Kansas loess that: 

1. Increasing the moisture content of the natural soil 
reduced the shearing strength. The coefficient of internal 
friction was unaffected by the moisture content but 
cohesion decreased rapidly with increases in water content. 

2. Cohesion decreased with decreasing density while the 
coefficient of internal friction was unaffected. 

3. Differences in sand and clay content appeared to exert 
comparatively minor influence. The coefficient of internal 
friction remained rather constant while cohesion increased 
slightly with increased clay content. 

4. Prewetting the soil to near saturation reduced the shearing 
strength since the cohesion generally became zero. For 
low density, highly wetted loess the shearing strength 
was zero until the soil was consolidated, bringing the 
soil grains closer together to develop internal friction. 
Approximately ten pounds per square inch of effective 
normal stress was required to develop internal friction. 

5. The coefficient of internal friction was not affected 
by moisture content, density, prewetting the soil, or 
preconsolidation of the soil. The value of tan t varied 
from 0.60 to 0.65 for all soils and conditions of testing. 

6 Cohesion was affected by moisture content, density, 
prewetting the soil, and preconsolidation of the soil. 
Cohesion of ten to twenty pounds per square inch was 
measured for high density 10e8s with moisture contents 
less than fifteen percent, however, the introduction 
of additional moisture quickly reduced the cohesion. 

Olson (13) investigated the shearing strength of southwestern Iowa 

10es8 using the direct shear test. The general behavior of the loess 

tested was similar to that reported by the Bureau of Reclamation. 
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III. MATERIALS 

The Wisconsin loess of southwestern Iowa is believed to have been 

deposited by wind action from the Missouri River flood plain glacial 

outwash source (8). 

Three Wisconsin age 10es8ial soil samples were used in this investi

gation. The locations are tabulated in Table 1. The first site (49 B) 

was selected in the first bluff line adjacent to the Missouri River 

flood plain, it is near the supposed source, and the soil texture is 

coarse silt with only a small clay content. The second site (99 C-l) 

was selected near site 49 B in the recent alluvial (or secondary loess) 

deposits formed by a small stream draining the area. The sediments in 

the alluvial depos1ts would thus be composed of the particles eroded, 

transported, and redeposited by water action. The reworked loess should 

be similar in composition to the parent material. The third site (97 B-1) 

was selected some distance from the Missouri River flood plain. The 

loess at this site has finer texture and higher clay content. 

Site 49 B is located east of U. S. Highway Alternate 30 adjacent 

to the Missouri River flood plain in Harrison County. The 80il samples 

were taken from depths of 10 to 11 feet (49 B-1) and 76 to 77 feet 

(49 B-2) from the calcareous C horizon. The average dry densities and 

moisture contents for 49 B-1 and 49 B-2 were found to be 73.6 pounds per 

cubic foot and 7.3 percent by dry soil weight, and 88.2 pounds per cubic 

foot and 9.3 percent by dry soil weight, respectively The five-micron 

clay content was nineteen percent for 49 B-1 and eleven percent for 49 B-2. 

The surface soil is mapped in the Hamburg series (21). 
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Sample 49 B-1 was not tested in this study because of the difficulty 

of trimming good specimens. The soil is very friable, loose, and thickly 

matted with fine roots from the surface plants. So many burrowing 

animal holes (krotovinas) were present that a sample without large voids 

was extremely difficult to obtain. The few samples that were obtained 

and brought back to the laboratory were easily broken while trimming to 

the required diameter. 

Site 99 C-l is also located in Harrison County several miles from 

site 49 B. The samples were taken from the stream banks at a depth of 

seven to eight feet. The average dry density was 84.8 pounds per cubic 

foot with an average moisture content of 14.3 percent by dry soil weight. 

The secondary loess in the alluvial deposits is mapped in the McPaul 

series (21). The five-micron clay content was twenty-two percent, which 

is much higher than 49 B-2; sample 99 C-l is more similar to 97 B-1 in 

clay content. 

Site 97 B-1 is located in Cass County. The soil samples were taken 

from a depth of seven to eight feet out of a roadside cut. The soil is 

finer in texture and higher in clay content than 49 B-2. The average 

dry density was 86.1 pounds per cubic foot with an average moisture 

content of 23.8 percent by dry soil weight. The surface soil is mapped 

in the Marshall series (21). 

Physical property data on the 10essla1 soils used in this investi

gation are tabulated in Table 2. 
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IV. TESTIlG PROCEDURE 

A. Obtaining Test Specimens 

Special care was taken in obtaining and preparing the undisturbed 

80il specimens required for this investigation. 

A steep hillside, vertical stream bank, and a vertical highway cut 

were the respective sites of samples 49 B-2, 99 C-l, and 97 B-1. The 

previously noted sampling depth was measured vertically from the ground 

surface immediately above or close to the sampling site. A small cave 

was then dug horizontally into the face of the site just above the 

proposed depth of sampling, and an attempt was made to strip all of 

the exposed soil which may have been altered by water, freezing and 

thawing, or contaminated by roots or materials eroded from above. Using 

the eave floor as the top of the sample, a pedestal of soil about four 

inches in diameter by eight inches in height was carved with a large 

knife. A four and one-half inch diameter by eight and one-balf inch 

high ice cream container, heavily coated with paraffin, was gently 

slipped over the pedestal. The pedestal was cut off at the bottom, 

the container plus soil turned over, and the excess soil trimmed level 

with the top. The container cover was placed and sealed tightly with 

masking tape for prevention of moisture loss, and each container was 

marked with laboratory identification numbers. All samples were returned 

to the laboratory and stored in a humidity room at a constant temperature 

of about 77 degrees Fahrenheit and near 100 percent relative humidity. 

The cylindrical specimen size selected for testing was 2.8 inches 

in diameter by 5.6 inches in length. The follOWing procedure was used 
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to prepare the required specimens: 

1. The samples obtained from the field were trimmed to a 

cylinder of exactly 2.8 inches in diameter and approxi

mately six inches in length using the trimming tool 

illustrated in Figure 1. The trimming tool is a vertical

axis soil lathe using a rapidly spinning wire brush 8S a 

cutter. 

2. The trimmed specimen was removed from the 80i1 lathe and 

wrapped with two layers of plastic (Saran) wrap, each 

layer being sealed tightly with pressure sensitive tape. 

Specimens were then wrapped with an outer cover of aluminum 

f01l. 

3. The trimmed specimens were marked with laboratory identi

fication numbers and again placed in the constant tempera

ture and humidity room until time of testing. 

B. Consolidated-Undrained Triaxial Shear Test 

1. Description of the test 

The triaxial shear test is conducted on a cylindrical specimen which 

is subjected to an axial load while the specimen is confined by a constant 

lateral pressure. The s01l specimen is encased in a rubber membrane 

which acts as a confining surface when air or liquid is introduced into 

the cell to a specified pressure. Ends of the specimen bear on porous 

plates. Failure of the specimen is caused by the application of an 

axial load. 
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Figure 1. Trimming tool 

The trimming tool operates on the same principle as a lathe. 
The cutting tool is a copper wire brush spinning at 1725 rpm. 
The 80il platform rotates at 36 rpm. 
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The consolidated-undrained test with pore pressure measurement is 

one type of triaxial shear test; it is described by Bishop and Henkel (20). 

In this test the s01l specimen 1s allowed to consolidate under a cell 

pressure of known magnitude, the three principal stresses thus being 

equal. Drainage is allowed in the consolidation phase with volume change

time relationship measured during the test by collecting the volume of 

drained water and/or air. Primary consolidation of the soil is completed 

when the total volume change for the specific cell pressure applied 

becomes constant. Secondary consolidation would not affect volume 

measurement since it is not related to permeability. The 80il specimen 

1s then sheared under undrained conditions allowing pore pressure to 

develop while maintaining the same cell pressure used during the 

consolidation phase. The axial load is applied at a uniform rate of 

strain until the specimen fails. The pore pressure is measured to allow 

the shearing strength to be analyzed by the effective stress principle. 

The consolidated-undrained shear test was used in this investigation 8S 

it best simulates the field condition of prewetting aud preconsolidation 

of a 10e881al soil by ponding water or injection of water into the strata 

to induce rapid settlement before placement of a structure. 

Total stress analysis of partially saturated soil is not recommended 

by Bishop and Henkel (20) because the apparent cohesion is dependent on 

the pore pressure developed by compressed gas rather than the pore water. 

The effects of saturation and preconsolidation on shearing strength would 

be analyzed beat by effective stress. 
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2. Apparatus 

The triaxial shear test machine used was a modified Soiltest Model 

T-118, illustrated in Figure 2. The axial load was applied by a variable 

speed electric drive through a calibrated proving ring to the top of the 

soil specimen, the magnitude of the axial load being indicated by deflec

tion of the proving ring. The vertical deflections of the specimen were 

measured with a dial gauge extensometer. The cell fluid used was com

pressed air, with the cell pressure controlled by a diaphragm regulator 

to within 0.33 psi. Pore pressure developed in the s01l specimen was 

measured automatically with a Karol Warner Model 51-PP pore pressure 

device. Figure 3. By adjusting the mercury-water interface in the hand

pump to some pre-selected reference level, the pore pressure is measured 

at constant volume throughout the test since volume change in the pore 

pressure line is reduced to zero. The volume change of the soil specimen 

during the consolidation phase of the teat was measured using calibrated 

gas and liquid collection burettes. All volumes were collected at 

atmospheric pressure and room temperature, which unfortunately could 

not be controlled. 

3. I!!! 

The consolidated-undrained test was performed in the following 

manner: 

1. The 2.8 inch diameter specimen was obtained from the 

humidity room and trimmed to near 5.6 inches height. The 

height, diameter, and weight were measured. Moisture 

contents were determined from the 80i1 trimmings. 
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Figure 2. MOdified Soiltest Model T-118 triaxial shear testing machine 
(right) and cell control panel (left) 

Figure 3. Karol-Warner MOdel Sl-PP pore pressure device 

This instrument allows the pore pressure to be measured at 
constant volume by maintaining the volume change in the 
pore pressure line to zero. 
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2. The specimen was placed in the triaxial cell sealed in the 

rubber membrane. 

3. Water was introduced to the bottom of the specimen to 

prewet the soil to saturation. A slight suction was 

applied to the top of the specimen to assist in drawing 

the water through the 80il and displacing the air from the 

voids. The soil was saturated for about 18 to 20 hours. l 

4. Cell pressure was applied to consolidate the specimen. 

Drainage was allowed and the volume of air and water 

expelled from the s01l was measured at specified time 

intervals. The specimens were consolidated for an arbitrary 

period of 24 hours to insure that complete primary consoli-

dation was achieved. 

5. Drainage was not allowed during the shear phase of the 

test. The pore pressure device was calibrated to record 

the average pressure developed on the top and bottom porous 

plates. 

6. The axial load was applied at 0.007 inch per minute of 

vertical deflection of the soil specimen. 2 

7. The axial load from proving ring deflection and the pore 

pressure developed were read every 0.025 inch of vertical 

sample deformation until failure occurred. 

lStep 3 was omitted for soil specimens tested in the natural condition. 

2Tbe rate of strain was selected to allow sufficient time for the pore 
water to migrate to the end plates and the pore pressure to fully develop 
in the saturated porous end plates as recommended by Akroyd (11). 
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Twelve specimens were tested for each of the three 80ils studied in 

this investigation. Six specimens of each soil were tested at their 

natural moisture content and the remaining six specimens were saturated 

prior to testing. In each case, cell pressures of 10 to 60 pounds per 

square inch were used. 
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v. RESULTS AND DISCUSSION ON CONSOLIDATION 

Plots of the soil void ratio versus the log of consolidating 

1 pressures are shown in Figures 4, S, and 6. 

The data necessary to construct an e-log p curve for a soil are 

normally obtained from a single incrementally loaded specimen, allowing 

each load to remain until compression has practically ceased (or the 

volume change becomes constant). 

In this study the e-log p data were obtained using one specimen 

for each of the consolidating pressures. Difficulty was encountered 

by the non-uniformity of the soil specimens. The data were normalized 

by calculating the percent change in void ratio for each consolidation 

pressure and relating the consolidated void ratio to the average initial 

void ratio ( eo ) of the specimens tested. 2 

An additional problem was encountered in that the reduction in 

volume of the soil mass is not proportional to the total volume of water 

plus air at atmospheric pressure expelled from the pore space of a 

partially saturated soil; i.e., the pressure of the air may be greater 

than the pressure of the pore water, in part due to the compression of 

the pore air by the surface tension of the surrounding water film (22). 

In addition to entrapped gas bubbles, certain amounts of air and other 

gases always exist in solution in the pore water; a definite amount of 

lHereafter referred to as the e-10g p curve(s)_ 

2 eo: arithmetic average of the initial void ratios of the twelve 
specimens tested. 



www.manaraa.com

26 

dissolved air is possible for a given temperature and pressure (9). 

When the compressed air is expelled. it expands to atmospheric pressure 

obeying Boyle's and Henry's gas laws. However, not all of the air in 

the pores of a partially saturated soil exists at a pressure greater 

than atmospheric. Alpan (23) described consolidation of a partially 

saturated soll to occur in two steps: (1) upon application of the load 

there is a rapid isotropic compression of the gas in the pores due to 

the compressibility of the grain structure; (2) this is followed by 

drainage of the pore fluid from the 80il until the gradient causing the 

flow ceases to operate. 

Three dimensional consolidation of the partially saturated soils 

was analyzed by assuming each of three sets of conditions: First, the 

reduction in volume of the soil mass was considered proportional only 

to the volume of water expelled, second, the volume reduction was 

considered proportional to the total volume of water plus air expelled 

at atmospheric pressure; and third, the volume change was considered 

proportional to the volume of water plus the volume of air as if corrected 

by Boylets and Henry's gas laws to pore air pressure existing before the 

consolidation load was applied. 

The solid curves A and B in Figures 4, 5, and 6 were computed for 

the consolidation of samples at natural moisture content. Curve A was 

calculated assuming that the volume of the soil mass is reduced only by 

the volume of water expelled from the pore space. The pore air is 

considered to have no effect on the volume change of the soil mass 

(first case). Curve B was calculated assuming that the volume of the 

80il mass 1s reduced by the sum of the volume of water plus the volume 
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of air at atmospheric pressure expelled from the pore space. The pore 

air is considered to exist at atmospheric pressure (second case). When 

the consolidation load is applied. the pore air is rapidly compressed 

only if the 80i1 structure is compres8ed. The compressed air then 

quickly expands through the soil to atmospheric pressure because of its 

high permeability. Thus, the pore air is considered to reduce the 

volume of the soil mass by the identical volume of pore air expelled 

at atmospheric pressure. 

The shaded area between the two solid lines, A and B, represents 

the limits of the volume reduction of a partially saturated soil 

attributed to the volume of water plus the corrected volume of pore 

air (third case). If the pore air exists at some pressure greater 

than atmospheric and has some effect on the volume reduction of the 

80i1 mass, the actual e-10g p curve for a partially saturated soil 

would plot in this shaded area. The volume of air collected at 

atmospheric pressure must be corrected by some parameters to reflect 

the volume reduction of the soil mass attributed to pore air. 

The dashed lines C and D were calculated the same as A and B, 

respectively, for a soil which was wetted before the consolidation 

load was applied, and the cross-hatched area between the two dashed 

lines represents the limits of the third case. Complete saturation 

of the soil probably was not obtained, Bishop and Henkel (20) reported 

that full saturation of partially saturated clayey soi18 was not 

obtained even after using de-gassed water with a small hydraulic head 

for a month or more, whereas the saturation period in the present test 

was only about 18 to 20 hours. 
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Comparison of the results shown in Figure 4 with one-dimensional 

consolidation data reported by Gibbs and Holland (2) for a stmi1ar 

10es8ial soil from the Nebraska-Kansas area suggests that the consoli

dation of the partially saturated solls should be analyzed according 

to assumptions of the third case; i.e., their consolidation data would 

plot in the shaded or cross-hatched areas depending on the moisture 

condition of the 80il. Thus, good approximation of the consolidation 

of a partially saturated Boil could be obtained by assuming case one 

and decreasing the calculated void ratio by five to ten percent to 

account for the effects of pore air. 

The data obtained in this study appear to substantiate the 

consolidation process described by A1pan (23) for a partially saturated 

soll, and further indicate that some of the pore air exists at a pressure 

higher than atmospheric pressure. One further conclusion may be made: 

the pore air does not appreciably affect the consolidation of a partially 

saturated soil. That iS j since the actual consolidation (Gibbs and 

Holland's data for a similar 1oe88ia1 soil) Is closely approximated by 

curves A and C in the three e-log p curves, the air expelled at atmos

pheric pressure must have occupied a small volume at high pressure. The 

pore air pressure attributed to surface tension effects of water have 

been reported to be as high as several hundred atmospheres for highly 

colloidal soils (24). 

The consolidation characteristics of samples 49 B-2 and 97 B-1 

were identical to the behavior described by Clevenger (12) for similar 

10essla1 soils. Sample 49 B-2 being of medium density and low moisture 

content was highly resistant to consolidation in its natural state but 
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consolidated rapidly when saturated. Sample 97 B-l, having a higher 

clay content and moisture content than 49 B-2, was less resistant to 

consolidation in its natural condition and when saturated also consoli

dated rapidly. Both samples 49 B-2 and 97 B-l released a large volume 

of pore air at atmospheric pressure. Sample 99 C-l, a secondary 10essla1 

soil, behaved similarly to 49 B-2, but the volume of pore air expelled 

at atmospheric pressure was much less. The reworked loess structure is 

different from the primary 10es8 structure in that the clay hulls 

around the grains are absent for the IDOst part which may account for 

the reduced surface tension effect on pore air. 

For time-settlement relationships from three dimensional consoli

dation of partially saturated 80ils, some additional information is 

required. The vertical deflection of the specimen must be measured to 

relate volume change to vertical settlement. The effects of radial 

drainage of water and air and the change in permeability with changes 

of porosity and saturation and its effect on the coefficient of 

consolidation and the dissipation function must also be considered. 

The consolidation data for the three loeseisl soils are tabulated 

in Tab les 3, 4, and S in the Appendix. 
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VI. RESULTS AND DISCUSSION ON SHEARING STRENGTH 

The relation of consolidation behavior to shearing strength is 

probably the most important structural property of 10es8ial soils to 

be considered by engineers. Several methods have been used to prepare 

the soil as a foundation (19). These include prewetting and applying 

a surcharge to induce rapid consolidation prior to construction, or 

injection of a bentonite slurry. under pressure, to increase the 

consolidation resistance and shearing strength. 

An evaluation of the effect on shearing strength induced by pre

wetting (to near saturation) and consolidating 10es8ia1 soils was under

taken in this study. 

A. Stress-Strain Relationship 

Graphs showing the axial stress-axial strain relationship for the 

three southwestern Iowa 10ess1al soils subjected to three-dimensional 

consolidation before the shear test are shown in Figures 7, 8, 9, 10, 

11, and 12. The axial stress was corrected for pore water pressure and 

evaluated in terms of effective stress. 

The effective axial stress-axial strain curves l of the soils tested 

were of three types: (1) axial stress increases steadily with axial 

strain, (2) axial stress increases to a maximum value and then remains 

constant with increasing strain, and (3) axial stress increases to a 

maximum peak and then decreases with increasing strain. The stress

strain behavior is probably related to the rearrangement of the grains 

lHereafter referred to as stress-strain curve(s). 
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Figure 7. Effective axial stress-axial strain curves for sample 49 B-2, 
natural condition 
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Figure 8. Effective axial stress-axial strain curves for sample 49 B-2, 
wetted condition 
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Figure 9. Effective axial stress-axial strain curves for sample 99 C-l, 
natural condition 
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Figure 10. Effective axial stress-axial strain curves for sample 99 C-l, 
wetted condition 
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Figure 11. Effective axial stress-axial strain curves for sample 97 B-l, 
natural condition 
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Figure 12. Effective axial stress-axial strain curves for sample 97 B-1, 
wetted condition 
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in the soil structure induced by the stress change. The axial strain 

may be the result either of consolidation or of shifting of material 

laterally, the latter is largely governed by shearing resistance. 

Under a foundation the pressures at any depth may be calculated 

using the Boussinesq equation (9). 

Generally, soi18 which were confined with low lateral pressure 

were quickly stressed to a maximum value with little strain or pore 

pressure. The maximum effective stress developed probably reflected 

the intrinsic strength of the consolidated soil structure. Further 

increases in strain caused the radial stresses to exceed the confining 

pressure, and axial strain and lateral bulging increased without an 

increase in stress. 

Higher lateral pressures prevented lateral displacement of the 

soil and probably caused the soil structure to rearrange, allowing 

pore pressure to develop. This mechanism would be characterized by 

axial stress increasing steadily with axial strain. As higher lateral 

pressures were applied, the axial stress kept increasing with axial 

strain until failure was by shear rather than by bulging, also char

acterized by a rapid decrease of axial stress at failure. 

The consolidated southwestern Iowa loessial soils all exhibited 

similar stress-strain curves for both the natural and wetted conditions. 

The magnitude of the maximum effective stress of the soil was related to 

its texture, clay content, and moisture content. The most resistant 

80il to axial deformation was the low clay content, coarse textured 

sample, 49 B-2. The secondary loessial 80il 99 e-l was a little less 

resistant to axial deformation than its parent, 49 B-2, possibly because 



www.manaraa.com

50 

of its slightly finer texture and higher clay content. Soil 97 B-l 

was the least resistant to axial deformation, which may be attributed 

to its high clay content, moisture content, and fine texture. 

Increasing the moisture content to near saturation reduced the 

axial deformation resistance for all three soils. The soil structure 

may be weakened by the softening of the clay hull surrounding the grains 

or the 10s8 of cohesion of the clay in the soil matrix by the increased 

moisture content. 

Careful examination of the stress-strain curves showed that the 

consolidated loessial solIs cannot be strained beyond fifteen percent 

axial strain without plastic deformation or shear occurring. 

B. Coefficient of Internal Friction 

Mohr diagrams were constructed to determine the shearing strength 

parameters of cohesion and coefficient of internal friction. The 

shearing strengths were determined using both the effective stress 

and the total stress analysis. Mohr diagrams for each of the three 

10essia1 80ils based on effective stress are shown in Figures 13, 14, 

and 15, and based on total stress in Figures 16, 17, and 18. The 

shear envelopes were drawn using calculated values of cohesion and 

coefficient of internal friction from least squares fitting of data (25). 

The effective coefficient of internal friction (tan ~I) for sample 

49 B-2 was found to be 0.576 in the natural condition and 0.569 in the 

wetted condition. 

The tan ~I for sample 99 C-l in the natural and wetted conditions 

was found to be 0.568 and 0.549, respectively. The variation in tan ~, 
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between 49 B-2 and 99 C-l is not significant. Since sample 99 C-l was 

derived from the sediments eroded from the area in which 49 B-2 was 

obtained, this similarity is partially expected. The reworked loess 

structure appears to have little or no effect on tan ~ '. 

Sample 97 B-1 did not develop the tan. I exhibited by both 49 B-2 

and 99 C-l until a minimum effective normal stress was exerted on the 

soil structure. Once the minimum effective normal stress was exceeded, 

the grains were brought into closer contact which allowed tan.' to 

attain those values obtained for 49 B-2 and 99 C-l. This behavior of 

tan. I is shown by the break in the shear envelope in Figure 15. 1 Both 

the natural moisture content and near saturated soils showed this break. 

For the natural condition, tan.' was 0.264 until the effective normal 

stress exceeded 50 psi, at which point tan.' increased to 0.619. For 

the wetted condition, tan. twas 0.320 until the effective normal stress 

exceeded 40 psi, at which point tan" increased to 0.567. 

Sample 97 B-1 is a primary loessisl soil having a high clay content. 

Petrographic analysis of a similar primary loess has shown that the 

larger grains are surrounded with a thin shell of montmorillonite 

clay (3). These coated particles are thus dispersed through a clay 

matrix. The tan ,t cannot be fully developed until these larger grains 

are brought into closer contact, thus increasing the friction between 

them. The increase in tan" to maximum value probably occurred when 

the developed effective normal stress exceeded the force necessary to 

lMohr circle for lateral pressure of 60 psi for the wetted condition 
was rejected in part because the dry density of the specimen was 8.6 pe£ 
less than the average dry density of the soil. 



www.manaraa.com

52 

shear the interface surface between the tightly adhered clay hull and 

the clay matrix which allowed the grains to come into closer contact. 

Increasing the moisture content to saturation softened the clay, thus 

reducing the effective normal stress necessary to develop maximum tan $ '. 

Sample 99 C-l also has a high clay content similar to 97 B-1; however, 

it did not exhibit a break in the shear envelope. A possible explanation 

may be the difference in the soil structure between the secondary and 

primary loess. Petrographic analysis of secondary loess has shown that 

the clay hulls are for the most part absent (3), thus tan ~ I may develop 

without overcoming the resistance offered by clay hull-matrix interface. 

Sample 49 B-2 has the clay hulls but not the clay matrix. 

The variation in tan~! among the three 10essial soils in the 

natural and wetted conditions was not significant once tan ~ t was fully 

developed. Saturation reduced tan ~ t by only 0.01 to 0.05, thus moisture 

content appears to have little effect on tan ~ t. 

The apparent coefficient of internal friction (tan ~), like tan ~ " 

did not vary with density, moisture content, or air content once the 

maximum tan ~ was developed; however, tan ~ was found to be a slightly 

lower value than tan ~ '. The average maximum tan. for the three 

10essia1 soils tested was 0.544. High clay content primary loess, 97 B-1, 

did not develop this maximum tan ~ until the total normal stress was 

exceeded. The average value of the initial tan ~ of 97 B-1 was 0.217. 

Consolidation of the soil prior to shear testing tended to minimize 

the volume reduction of the soil mass during the application of the axial 

load, thus it would be reasonable to assume that the 80i1 structure would 

compress very little and the axial load would largely be distributed as 
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intergranular stress. For the soils tested in their natural moisture 

condition, the maximum pore pressures developed were 3.5, 7.2, and 12.7 

psi for samples 49 B-2, 99 C-l and 97 B-l, respectively. Saturation 

increased the maximum pore pressures to 5.1, 9.5, and 14.5 psi, 

respectively. 

The rate at which pore air and pore water pressure would develop 

depends on the compressibility of the soil structure and the compress

ibility of the pore fluid. 

Sample 49 B-2 is a low natural moisture content, low clay content 

loess and was found to be the most resistant to consolidation and axial 

deformation of the three soils tested. In the natural condition, the 

maximum pore pressure developed was 3.5 psi which increased to 5.1 psi 

when the soil was saturated. The lower pore pressures developed in the 

natural condition may be attributed to the small volume change and the 

compressibility of the pore air. Saturation reduced the consolidation 

and axial deformation resistance and also reduced the pore air content. 

As the soil mass volume was reduced by the application of the axial load, 

the incompressibility of the pore water allowed higher pore pressure to 

develop. 

Sample 97 B-1 is a high natural moisture content, high clay content 

soil and was found to be the least resistant to consolidation and axial 

deformation of the three soils tested. In the natural moisture condition, 

the maximum pore pressure developed was 12.7 psi which increased to 14.5 

psi when the soil was saturated. These higher pore pressures developed 

may be attributed to the greater volume change and the incompressibility 

of the pore water. 
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Sample 99 C-1 is the intermediate soil as to moisture content and 

clay content and the maximum pore pressures developed were between those 

values developed for 49 B-2 and 97 B-1. Therefore, as the clay content 

of a 10essia1 soil increases, the resistance to volume reduction of the 

Boil mass for an applied load decreases which allows a higher pore 

pressure to develop. Saturating a soil further increases the developed 

pore pressure because of the additional reduction of resistance to 

volume change, and the stress change is absorbed by the incompressible 

water instead of the pore air which has been removed. 

A composite diagram of the shear envelopes of Figures 13, 14, and 15 

(based on effective stress analysis) is presented in Figure 19 to illustrate 

the small variation of tan~' of the three 10ese1al soils. The tan ~I 

varied from 0.54 to 0.62 with the average tan .' being 0.575. Sample 

97 B-l did not develop the average tan ~ f until a minimum effective 

normal stress was exerted on the soil structure. The average tan ~ I below 

the minimum effective normal stress was 0.292. 

The variation of tan ~ was also small with an average value of 0.544 

once the maximum tan ~ was developed. Sample 97 B-1 bad an average tan ~ 

of 0.217 unt1l the minimum total normal stress was exceeded. 

The consistent values of tan ~', regardless of moisture content, 

denSity, or clay content, was described by Clevenger (12) for Nebraska

Kansas 10essia1 soils. Clevenger's reported values of 0.60 to 0.65 are 

slightly higher than those values obtained for the Iowa loess in this 

study. Possible explanation may be the difference in source area. The 

effect of clay content on tan ~' was not reported by Clevenger. 

Olson (13) also found consistent values of tan ~' for southwestern 
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Iowa loessial 80ils, but his reported values of 0.44 to 0.46 were much 

lower than values obtained in this study. Olson determined the shear 

strength by the direct shear test with maximum normal loads of 28 psi. 

Summaries of the triaxial shear test data are tabulated in Tables 

6, 7, and 8 in the Appendix. 

C. Cohesion 

The effective cohesion (e') for sample 49 a·2 was found to be 2.25 

psi in the natural condition and 0.37 psi in the wetted condition. 

The c' for sample 99 C-l in the natural and wetted conditions was 

found to be 1.2 psi and 0.7 psi, respectively. Sample 99 C-l was 

derived from the sedtments eroded from the area in which 49 B-2 was 

obtained, but its clay content was similar to sample 97 B~l. 

The c' for sample 97 B-1 in the natural and wetted conditions was 

found to be 8.3 psi and 4.3 psi, respectively. Sample 97 a-I is a high 

clay content soil and the higher value of c f would be expected. 

The secondary 10e88i81 soil, 99 C-1, similar to 97 B-I in clay 

content, developed less c r than either 49 B-2 or 97 B-1. The cohesion 

of 10es8ia1 soils may thus be largely attributed to the clay hull-matrix 

interface resistance with minor contribution to cohesion by the matrix 

clay. 

The c' of the 10es8is1 soils was reduced considerably by increasing 

the water content of the soil to saturation. The c' developed at high 

moisture content and saturation would probably be unreliable and, there

fore, the effective cohesion for saturated 10essisl soils should be 

considered as zero. 
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The apparent cohesion (c) for sample 49 B-2 was found to be 2.41 and 

zero psi in the natural and wetted conditions, respectively. The c for 

sample 99 C-l was zero psi for both the natural and wetted conditions. 

The c for sample 97 B-1 was 8.6 psi in the natural condition and 6.0 psi 

in the wetted condition. 

For the natural moisture condition, the apparent cohesion ranged from 

zero to slightly greater than the observed effective cohesion for each of 

the three 10essia1 soils. Saturating the 10e8sia1 soils reduced the 

apparent cohesion. The high clay content primary loess lost only a 

small part of its apparent cohesion when saturated, thus behaving as a 

clayey soil. 
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VII. SUMMARY AND OONCLUSION 

The consolidation behavior of partially saturated and near saturated 

10es8ial soils was determined by three-dimensional consolidation in the 

triaxial cell measuring the volume of air and water expelled from the 

specimen upon the application of the cell pressure. The volume of air 

expelled was collected and measured at atmospheric pressure and room 

temperature. Several difficulties were encountered in the consolidation 

analysis. These problems were: 

1. To determine the relationship of the total volume of water 

and air collected at atmospheric pressure to the actual 

volume change of the soil specimen consolidated by a cell 

pressure of lQlown magnitude. 

2. To determine the final void ratio for each consolidation 

pressure applied. 

3. To construct an e-Iog p diagram for a soil using six 

specimens, each consolidated by a different cell pressure, 

instead of a single spectmen incrementally loaded. The 

initial void ratio of the six specimens varied in such a 

manner that a good e-log p diagram could not be obtained. 

4. To determine the relationship between the vertical deflection 

and the volume change after consolidation. 

S. To determine the settlement-time relationship for a specific 

loading. 

These problems were analyzed and these partial solutions are presented: 

1. Comparison of the three-dimensional consolidation data with 
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one-dimensional consolidation data found in the literature 

for similar loessial 80ils appears to indicate that the 

volume change of the soil mass is largely attributed to 

the volume of water expelled and that the volume of pore 

air expelled contributes very little to the volume change 

of the soil mass. 

2. A good approximation of the final void ratio obtained 

after consolidation by a pressure of known magnitude is 

calculated assuming that the volume change of the soil is 

equal to the volume of water drained, and then reducing 

this calculated value by 5 to 10 percent to account for 

the effect of pore air. As the moisture content of the 

soil inereases to saturation, this correction for pore 

air should be reduced until no correction is made for a 

fully saturated soil. 

3. An acceptable e-log p diagram may be obtained by deter

mining an average initial void ratio ( eo ) for the tested 

specimens and relating the percent change of void ratio 

for each consolidation pressure to eo' thus normalizing 

the void ratio for each consolidating pressure. 

4. The relationship between the vertical deflection and volume 

change was not obtained because of insufficient data. 

S. The settlement-time relationship for a specific loading 

was not obtained because of insufficient data. 

The consolidation behavior of 10e881al salls determined by three

dimensional consolidation can only be expressed in qualitative terms 
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since the analysis is based on incomplete data and hypotheses. Some of 

these general observations of the consolidation behavior of loess are: 

1. Potential settlement of medium density loess with low 

natural moisture content was small up to about 5 TSF of 

pressure. The consolidation resistance of 10es8ia1 soils 

decreased as the moisture content and clay content increased. 

Secondary loess consolidated similarly to primary loess 

and was also affected by moisture and clay content. 

2. Wetting the 10es8ial soil to near saturation induced a 

more rapid consolidation and greatly reduced the consoli

dation resistance. 

An evaluation of the shearing strength of 108ss1al soils wetted (to 

near saturation) and consolidated was investigated using the consolidated

undrained triaxial shear test with pore pressure measurements. Although 

the following remarks on sbearing strength are applicable only for the 

particular southwestern Iowa 10es8ia1 soils tested, the similarity of 

loessial 80ils throughout the world, suggests broader interpretation of 

the findings. 

1. The consolidated primary 10es8ia1 soil with low moisture 

and clay content (49 B-2) developed a tan t' of 0.576. 

Tan~' was not affected significantly by saturation since 

it was only reduced slightly to 0.569. 

2. The consolidated secondary loesa (99 C-l) also exhibited 

similar values of tan ~ t of 0.568 and 0.549 in the natural 

and wetted conditions, respectively. The reworked loess 

structure appears to have little effect on tan ~ '. 
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3. The consolidated primary loess with high clay content 

(97 B-1) developed a tan.' of 0.264 until the effective 

normal stress exceeded SO psi. at which point tan ~f 

increased to 0.619. This change of tan. f was also shown 

for the saturated condition, in that the initial tan.' 

developed was 0.320 until the effective normal stress 

exceeded 40 psi, at which point tan.' increased to 0.567. 

4. Tan~' of the three 10essia1 80ils tested did not vary 

significantly with density, moisture content, or air 

content once the maximum value was developed. The average 

value of the maximum tan ~ 1 for the southwestern Iowa 

10es8ial 80ils was 0.575. High clay content primary 

10e88ial 80il (97 B-1) did not develop this maximum value 

until the minimum effective normal stress was exceeded. 

The average initial tan.' of 97 B-l was 0.292. 

s. Tan ~. like tan. f, did not vary with density, moisture 

content, or air content among the three loessial soils 

tested once the maximum value was developed. The average 

value of tan • was 0.544 which is slightly lower than the 

average tan .'. Higb clay content primary loess (97 B-1) 

did not develop this maximum tan. until the minimum total 

normal stress was exceeded. The initial value of tan. of 

97 B-1 averaged 0.217. 

6. The consolidated 10es8ial 80ils did not develop high pore 

pressures during the test because the stress change was 

largely absorbed a8 intergranular stress. Primary loess 
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with low moisture and low clay content developed the lowest 

pore pressures while the high moisture and high clay content 

10essia1 soils developed the highest pore pressures. The 

resistance to volume change was further reduced by saturating 

the soil, allowing still greater pore pressures to develop. 

The highest pore pressure measured was 14.5 psi for the 

saturated high clay content primary 10eS8ial soil. 

7. The consolidated 10esaia1 soil with low natural moisture 

content and low clay content (49 B-2) developed a c' of 

2.25 psi which was reduced to 0.37 psi when the soil was 

saturated. 

8. The consolidated secondary loess (99 e-1) developed a e' 

of 1.2 psi in the natural condition and 0.7 psi in the 

wetted condition. 

9. The consolidated primary loess of high clay content (97 B-1) 

developed a 0' of 8.3 and 4.3 psi in the natural and wetted 

conditions, respectively. 

10. Primary 10es8ial soils of high clay content have some 

cohesion in the natural condition. Low clay content and 

secondary 10essiel s011s have little or no cohesion. 

Saturation of 10esa1a1 soils quickly reduced the cohesion 

(c and c') to low values or zero. The cohesion measured for 

saturated soils would be highly unreliable and the cohesion 

should be considered as zero for foundation analyses. 

Prewetting and consolidation of loessial soil foundations eliminates 

the engineering problem of excessive settlement under structural loads by 
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inducing settlement before construction. The low clay content and 

secondary 10es81a1 foundations which have been prewetted and consoli

dated may be evaluated using values of 0.575 for tan.' and zero for 

ct. The prewetting and consolidation of a high clay content primary 

10es8ia1 soil is more difficult in that a surcharge sufficient to exert 

the minimum effective normal stress must be applied to develop the 

maximum average tan.' of 0.575. If the surcharge is insufficient to 

develop this value of tan.', the foundation must then be evaluated 

using the lower value of 0.292. Even for a high clay content soil, 

the value of c' for a saturated condition must be taken a8 zero. 
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