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Figure 3.13: Direct Simple Shear Failure Criterion VI: Linear Relationship 
Between Th/ a' v and K.tan8. 
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Figure 3.14: Linear Relationship Between R=r xy/ f7yy ( =Tb/ q' vc) and Tan8 
Supported by Data From a Wide Range of Different Drained Simple Shear 
Tests on Leighton Buzzard Sand (from Airey, et al., 1985). 
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Figure 3.15: Relationship Between R=rxyj(J'yy_ (=Tb/clv) and Tan8 for CU 
Simple Shear Tests on Normally Consoliaated Kaolin (from Airey, et al., 
1985). 
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Figure 3.16: Direct Simple Shear Failure Criterion VTI: Coincidence of 
Principal Axes of Strain Increment and Stress. 



67 

X 

Figure 3.17: Variation of Angles e, 1/J a.nd X With Shear Distortion a ( = 1yx) 
for Cyclic Simple Shear Test on Dense Sand by Budhu {1979; from Airey, et 
al., 1985}. 
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Figure 3.18: Predicted ¢/Versus Obliquity ( n/ a'v) at Maximum Hori~ontal 
Shear Resistance for Direct Simple Shear Failure Criteria II, III, V and VII 
(see Table 3.1 for reference). 
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CHAPTER4 

MEASUREMENT OF RADIAL STRESS IN THE GEONOR DSS APPARATUS 

4.1 INTRODUCTION 

Geonor manufactures calibrated wire-reinforced membranes for the purpose of 

measuring the radial stress, ur, acting on a soil specimen in the Geonor DSS apparatus. 

The calibrated membranes operate on a strain gauge principle where small changes in 

the length of the reinforcing wire will result in a change in its electrical resistance. The 

membranes are calibrated by subjecting them to a known air or water pressure within 

a calibration cylinder (Dyvik, et al., 1981). 

4.2 DETERMINATION OF COEFF. OF EARTH PRESSURE AT REST (Ko) 

If it is assumed that the wire-reinforced membrane does not allow lateral 

strains to occur during consolidation, then the specimen is consolidated under K0 

conditions. Hence, in principle, the specially calibrated membranes can be used to 

directly determine the K0 value of specimens consolidated in the Geonor DSS. 

Dyvik and Zimmie (1983) used calibrated membranes to determine the K0 

values for three different marine clays. They concluded that the membranes worked 

satisfactorily and that the measured K0 values agree well with various indirect 

determinations of K0 (e.g., Jaky, 1944; Brooker and Ireland, 1965; Alpan, 1967). Airey 

and Wood (1987) also measured K0 values for kaolin in the Geonor apparatus and 

found satisfactory comparison with the average value of K0 obtained at Cambridge in a 

variety of other apparatuses. Their data do, however, show that K0 appears to 

continuously increase after the preconsolidation pressure was exceeded, when generally 

it should be expected to remain constant. They conclude that this behavior is due to 

the membrane allowing small lateral deformations, thus violating the K0 condition. 

While this does not appear to explain the problem since an increase in the lateral 

strain presumably results in a decrease in u'h and hence a decrease in K0 , it does 

emphasize that the ratio of the membrane stiffness to soil stiffness is very important 

for obtaining satisfactory values. If the stiffness ratio is too small, then incorrect 

values of K 0 will be measured. 

4.3 DETERMINATION OF STATE OF STRESS USING MEASURED qr 

Dyvik and Zimmie (1983) claim that measurement of the lateral stress in the 

Geonor DSS apparatus greatly increases the knowledge of the state of stress within the 

soil specimen. Their procedure assumes that u' r measured during shear is equal to r/ h 



acting on a plane perpendicular to the plane of shear deformation of an infinitesimal 

element of soil at the center of the specimen. They also assume that the measured 

boundary values of u'v and 'Th also act on this infinitesimal element and therefore 

Mohr's circle of stress can be computed (Figure 4.1 ). Once Mohr's circle of stress is 

defined, then the magnitude and orientation of the principal stresses can be computed. 

Budhu (1985) conducted a series of consolidated drained (CD) tests on dense 

and loose Leighton Buzzard sand in both the Cambridge Mk7 device and the 

Cambridge specially instrumented Cylindrical Simple Shear Apparatus ( CSSA; Figures 

1.9 and 1.10). The objective of the test program was to determine if the radial stress 

measured in the Geonor type DSS is equal to the horizontal stress acting on a plane 

perpendicular to the plane of shear deformation ( Ux = u'h in Fig. 4.1) or the 

intermediate principal stress ( u2) or neither (actually the wire reinforced membrane 

integrates all components of horizontal stress). Values of Ux and u2 were computed for 

the tests run in the Mk7 device and compared directly with Ur measured in the 

"Geonor type" CSSA. The results shown in Figure 4.2 indicate that the radial stress 

measured during shear in the circular CSSA is equal to neither the intermediate 

principal stress nor the horizontal normal stress on the plane perpendicular to the 

plane of shear deformation. Thus, measurement of the radial stress in the Geonor DSS 

may not give reasonable estimates of the state of stress of specimens tested in this type 

of device. 

Budhu's results clearly question the validity of the procedure used by Dyvik 

and Zimmie for computing the state of stress in the Geonor DSS based on 

measurements of ur. However, Budhu's data come from CD tests conducted on sands 

and further research is needed to determine if the same results hold for consolidated 

undrained ( CU) tests on cohesive materials. Airey and Wood ( 1987) do not 

recommend using specially reinforced membranes to estimate radial stress and further 

state that they can only be relied upon to give qualitative information on tests run 

under different conditions (i.e. different overconsolidation ratios). 

4.4 SUMMARY 

It appears that the specially instrumented membranes are useful for estimating 

K0 of soils in the Geonor DSS and therefore provides even more information on the 

properties of a specimen during the consolidation phase of a test. However, one must 

keep in mind the potential problems that may arise depending on the relative stiffness 

of the membrane_and the soil. Budhu's research indicates that using the membrane to 

determine the state of stress during shear may not give reasonable results. 
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Figure 4.1: Determination of State of Stress in the Geonor DSS Using 
Measurement of the Radial Stress (J' r: (a) Measured Boundary Stresses and 
Stresses Assumed to be Acting on an Innnitesimal Element at the Center of 
the Sample; (b) Mohr's Circle of Stress for Infinitesimal Element at Center of 
Sample. 
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CHAPTERS 

CONSTANT VOLUME TESTING 

Undrained shear is conducted in most simple shear devices by maintaining the 

volume of the specimen constant during shear. In the case of the Geonor DSS the 

specimen is assumed to be confined laterally by the wire-reinforced rubber membrane 

and therefore only the height needs to be kept constant to run a constant volume test. 

The specimen height is kept constant by varying the vertical stress acting on it. 

Changes in vertical stress to keep the height constant are assumed to be equal to the 

pore pressure that would develop if the specimen were sealed and pore pressure 

measured. 

Taylor (1953) and Bjerrum (1954) first used the constant volume procedure 

for conducting undrained direct shear box tests because of the difficulties of preventing 

drainage during this type of test. (Note: Taylor presented conclusive data showing 

that "rapid" shearing (e.g., failure in a few minutes) of clay in direct box shear tests 

cannot prevent significant drainage and hence the normal stress must be varied when 

using this device to simulate CU test conditions). Bjerrum and Landva (1966) 

proposed using this procedure to measure the undrained direct simple shear response of 

soils in the Geonor DSS. However, until recently little evidence has been presented in 

the literature which confirms that the constant volume procedure is valid. 

Dyvik, et al. ( 1987) describe a new chamber developed for NGI's direct simple 

shear device that enables undrained tests with pore pressure measurements to be run 

(Figure 5.1). Tests were conducted on normally consolidated Drammen clay and 

compared with results obtained from conventional constant volume direct simple shear 

tests. (Note: for these sensitive soils the strain at failure is very low and therefore 

problems with device unloading, as described in Chapter 8, should not be significant 

for the constant volume tests). Figure 5.2 shows the results of two constant volume 

tests and two undrained tests conducted in the new chamber. While the results show a 

slight variation in the normalized shear stress, the pore pressure plots are almost 

identical. Based on these results and comparison with prior CK0 UDSS data on the 

clay that showed similar scatter, Dyvik, et al. conclude that "static constant volume 

tests on normally consolidated clays will produce the same results as truly undrained 

tests. The assumption that the change in applied vertical stress is equal to the pore 

pressure which would have developed in an undrained test is therefore valid. This 

conclusion applies to saturated soils." 
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Airey and Wood (1987) point out that for there to be similarity between an 

undrained and constant volume test, an apparatus has to impose a uniform 

deformation with no volume change. Using lead shot and radiography they found for a 

constant volume test on OCR= 1 kaolin that the shear strains were uniform and the 

volumetric strains zero up to ; = 11%, at which point localization in the deformation 

occurred (peak Th based on boundary measurement occurred around ; = 10%). This 

supports the results of Dyvik, et al. However, Airey and Wood further state that, once 

ruptures formed (which they maintain will develop in all simple shear tests but are not 

easy to detect), the constant volume condition can only be maintained in an overall 

sense. They observed that the rupture planes compressed while the intact soil dilated 

slightly. They concluded their analysis by stating, "clearly the behavior determined 

from the direct simple shear apparatus after rupture should be analyzed as a boundary 

value problem; it no longer represents constant volume simple shear." While this 

maybe the case, it is questionable what useful information one would derive from 

analyzing the results of an "undrained" test after ruptures develop. The evaluation 

and interpretation of these data has the same limitations as occur in all types of shear 

tests. However, in some tests, such as triaxial compression, one can usually detect 

initial formation of rupture surfaces, whereas in the DSS it is much more difficult and 

there are no data to show if and when they occur in CK 0 UDSS tests on normally 

consolidated natural clays. 
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Figure 5.1: Cross-Section of the NGI Direct Simple Shear Pressure Chamber 
(from Dyvik, et al. 1987). 
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Figure 5.2: Comparison of Constant Volume and Undrained Direct Simple 
Shear Test Results: (a) Normalized Horizontal Shear Stress and Normalized 
Pore Pressure Versus Shear Strain; (b) Normalized Effective Stress Path 
(from Dyvik, et al., 1987). 



CHAPTER6 

DEVELOPMENT OF SIMPLE SHEAR DEVICES WITH 

CAMBRIDGE TYPE LOAD CELLS 

Cambridge University developed special load cells for their fully instrumented 

rectangular and circular simple shear apparatuses. The load cells are actually contact 

stress transducers and are directly in contact with a specimen in the devices. The 

transducers can be used to measure simultaneously shear load, vertical load, and 

eccentricity of the vertical load (Figures 1.9 and 1.10). One advantage of using such 

load cells in a Geonor type DSS is that compliance errors due to bearing friction and 

the wire-reinforced membrane do not need to be accounted for. Secondly, if a single 

load cell of this type were placed in contact with the center of a specimen, then the 

shear resistance of the soil would be measured within the most uniform state of stress 

region of the specimen. 

Airey and Wood (1987) conducted tests on OCR= 1 kaolin in the Cambridge 

CSSA and in the Geonor DSS. Figure 6.1 shows the stress-strain curves for a constant 

volume test conducted in the CSSA. The two curves represent data calculated from 

the central contact stress transducer (specimen core) and from the average boundary 

measurements (average). While the curves have a similar shape, the shear resistance 

based on average shear stress is about 8% less than the specimen core measurement. 

Figure 6.2 shows the stress ratio-shear strain responses and stress paths for constant 

volume tests conducted in the CSSA and the Geonor DSS. Values for the normalized 

undrained strength ratio (Th/(J''vc)max were found to be 0.175 and 0.152 based on the 

CSSA specimen core measurement and average stress measurement in the Geonor DSS 

respectively. This represents a difference of 13%. The dotted lines in Figure 6.2 for 

the CSSA data start where rupture in the specimen was detected and are shown to 

emphasize that the response is no longer undrained simple shear. Airey and Wood 

conclude that the normalized strength determined from the average stress (as in the 

Geonor DSS) underestimates the "true" undrained simple shear strength based on 

specimen core measurement (Note: the value of ( n/ t1'vc)max = 0.152 measured for this 

soil in the Geonor DSS is a very low strength for a cohesive soil. In fact, the data 

presented in Chapter 7 from 100 CK 0 UDSS Geonor tests on 25 different soils gives a 

lowest strength of (coincidently) 0.152, but this is for a varved clay. The next lowest 

normalized strength for nonvarved clays was approximately 0.175). 
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Airey and Wood's results are significant and may eventually lead to a new 

generation of Geonor type simple shear devices which make use of contact stress 

transducers at the middle of a specimen. Unfortunately, the transducers are quite 

tedious to calibrate (Dyvik, et al., 1987) and, when testing wet material, they are less 

convenient because of the need to prevent moisture from the soil penetrating to the 

strain gauges on the load cell (Airey, et al., 1985). 

Budhu (1988) describes a new simple shear apparatus that tests 70mm by 

70mm by 20mm rectangular clay specimens (Figure 6.3). The device uses a single 

Cambridge type load cell in contact with the central region of the specimen which 

measures shear and vertical forces and pore pressures. The specimen is confined in a 

stack of Teflon coated aluminum plates wherein two strain gauges are installed so that 

the lateral stress can be measured on two mutually perpendicular sides of the 

specimen. Assuming that the measured values of lateral stress acting at the boundary 

correspond to those acting within the mid region of the specimen enables the complete 

state of stress to be computed at the specimen core (Figure 6.4). It was Budhu's 

intention to develop a new device which incorporates the simplicity of the Geonor DSS 

with that of the Cambridge devices' ability to compute the complete state of stress. 

Unfortunately, the apparatus requires square specimens which are more difficult to 

prepare than undisturbed circular specimens using the Geonor trimming apparatus. In 

addition, standard U.S. tube samples are 3 in. diameter ( 45 cm2), which are too small 

to be tested in this apparatus. However, it will be interesting to obtain more data for 

clays tested in this device and, in particular, to make comparisons with results 

obtained for the same soil in the Geonor DSS. 
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Figure 6.1: CKo U Shear Stress-Strain Curves for Kaolin Determined from 
the Cambridge CSSA (from Airey and Wood, 1987). 
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Figure 6.3: Cross-Section of New Simple Shear Device Incorporating a 
Single Cambridge Type Load Cell (from Budhu, 1988) . 
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Figure 6.4: Strains and Stresses from the New Simple Shear Device 
Described by Budhu (1988; Figure 6.3): (a) Mohr's Circle of Strain 
Increment; (b) Measured Stresses; (c) Stresses Deduced for Specimen Core 
(from Budhu, 1988). 



CHAPTER7 

SUMMARY OF CK0 UDSS TESTS RUN AT MIT 

ON NORMALLY CONSOLIDATED COHESIVE SOILS 

7.1 INTRODUCTION 

No research laboratory has conducted CK0 UDSS tests on a larger variety of 

undisturbed cohesive soils than MIT. Ladd and Edgers (1972) present data from tests 

run at MIT on resedimented Boston Blue Clay and six undisturbed natural clays. 

However, since 1972 many other soils have been tested at MIT and it is therefore the 

objective of this Chapter to update the data set published by Ladd and Edgers. The 

results presented in this section are limited to CK 0 UDSS tests on normally 

consolidated soils. The main purpose of presenting these data is to provide a summary 

of the results measured for many different cohesive soils and to show how the data 

varies depending on the type of soil being tested. 

7.2 TEST RESULTS 

Table 7.1a to 7.1d present a summary of over 25 different cohesive soils tested 

at MIT. The Table gives average and standard deviation values for the plasticity 

index (Ip) of each soil and several measured parameters at the peak shear resistance. 

All of the tests were conducted using the Geonor DSS and generally followed the test 

procedures outlined in Appendix A. All soils were loaded during consolidation into the 

normally consolidated range (generally a'vc = (1.5 to 2)a'p as recommended by the 

SHANSEP procedure; see Ladd and Foott, 1974) and sheared undrained at d7/dt = 

5% per hour. Also included in the Table is the normalized secant Young's modulus at 

50 percent of the peak shear resistance, Eu(50)/cu. This value is computed using the 

following equation: 

where: 

Eu = 2(1 + v)G 

G = shear modulus = n/ 7 

v = Poisson's ratio. 

the tests are undrained, v = 

Eu = 3( Th/"Y) 

7.1 

and Equation 7.1 reduces to: 

7.2 
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The bottom of Table 7.1d gives the mean, standard deviation (SD) and 

coefficient of variation ( COV) for each of the values listed for the peak shear 

resistance. Figures 7.1 - 7.4 present histograms of the undrained strength ratio 

( Th/ CJ' vc at maximum 7b.) and the shear strain, vertical stress ratio ( CJ' v/ CJ' vc) and 1/J 

angle arctan Th/ CJ' v ), at peak maximum 7b. for the 100 tests summarized in Table 

7.1. (Note: Table 7.1 presents averages of the measured values for each of the different 

soils, while the mean values at the end of Table 7.1, the histograms and some of the 

figures to follow actually use all of the individual values of the 100 tests run at MIT.) 

The tabulated data and histograms show that the Geonor DSS measures a 

large variation in the undrained strength ratio of cohesive soils. Excluding the varved 

clay, this range is equal to 0.18 to 0.30. This is quite contradictory to the belief of 

some researchers and practitioners who criticize the DSS because it seems to measure 

the same strength independent of the soil type. For comparison, CK0 U triaxial 

compression tests, according to Ladd (1991), on a variety of normally consolidated 

clays and silts (excluding varved clays) gives a range for qr/ CJ' vc of 0.27 to 0.37 with an 

average of 0.32 ± 0.03SD and COV = 9.4%. This variation is smaller than that 

measured in the DSS (Average= 0.23 ± 0.03SD, with COV = 14.3%). 

The shear strain and 1/J angle at peak 7b. display a large variation among the 

different soils, ranging from approximately 2% to 23% with a mean = 10.1% ± 4.0SD 

and 12° to 29° with a mean = 21.1° ± 3.3SD, respectively. This is not the case for the 

stress ratio at peak CJ' v/ CJ'vc, which has very little variation as clearly shown in Figure 

7.3 (this parameter has the smallest COV = 8.5%; Table 7.1d). This is a somewhat 

peculiar result because it indicates that all of the different soils develop almost the 

same equivalent pore pressure at peak shear resistance. This is also shown in Figure 

7.5, which clearly indicates that there is no correlation between the stress ratio at peak 

7b. and the plasticity index. 

Figure 3.12 shows that there is a strong correlation between the undrained 

strength ratio and the 1/J angle. This correlation, however, is a direct result of the fact 

that the vertical stress ratio at failure is almost independent of the soil type as 

discussed in the previous paragraph. In other words, since ( CJ'v/ CJ'vc)f does not vary by 

much among the different soils then obviously 1/J increases with increasing 

Figure 7.6 shows that there is a fairly strong correlation between the shear 

strain at peak Th and plasticity index. In general, it might be expected that higher 

plasticity soils reach a failure state at higher shear strains. There is much less 

correlation between the measured undrained strength ratio and the shear strain at 
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failure (Figure 7.7). This is also the case for the 1/J angle versus shear strain at failure 

(Figure 7.8). 

Figure 7.9 shows a plot of the normalized secant value of Young's modulus 

versus the shear stress level ( 111/ cu) for six of the soils listed in Table 7.1 (plus data for 

a peat). The figure shows that while the trends are quite similar, the absolute values 

of Eu/ Cu decrease significantly with increasing plasticity and organic content of the 

soil, thus showing a large variation of the measured Young's modulus with soil type. 

In addition, Ladd, et al. (1977) state that the deformations observed during 

construction of embankments on five of these soils were in general accord with those 

expected based on the measured CK 0 UDSS Eu/cu values. 

Figure 7.10 shows the most significant result from all the data discussed in 

this chapter. The figure plots undrained strength ratio versus plasticity index for 28 of 

the soils listed in Table 7.1 and the average value of the in-situ Cu back calculated 

from case histories of loading failures divided by the estimated in situ preconsolidation 

pressure, a'p, from 27 case histories. The field data are from Larsson (1980) and most 

of the cases involve embankment failures, including many of those used to develop 

Bjerrum's (1972) field vane correction factor. The figure shows that there is a slight 

trend in undrained strength ratio versus plasticity for the CK0 UDSS results, whereas 

the field data show a stronger trend. However, the DSS data generally fall within the 

range of values from the field data. This is very significant because according to Ladd 

(1981), "no other laboratory test, and certainly not CIU or CK 0 U triaxial compression 

tests, has been shown to produce comparable results." 

Ladd (1991) reanalyzed most of the above data in terms of each of the soil's 

location with respect to Casagrande's plasticity chart (Figure 7.11)4. Based on 

distinguishing between inorganic clays (above Casagrande's A-line) and organic clays 

and silts (below the A-line), Ladd makes the following conclusion with respect to the 

field data and Geonor CK0 UDSS test results for non-varved sedimentary soils: 

"For inorganic clays with Ip = 25 * 15%, good agreement exists between 
strengths back calculated from field failures and those obtained ... from DSS 
tests ( n). Silts and organic clays appear to have higher, and also more 
scattered, normalized strengths, as observed from a more limited number of 
field cases and laboratory CK 0 U tests." 

4The lab CK0 U Tave/ a'vc data in Figure 7.11 are from lab CK 0 U compression, DSS and 
extension tests treated for strain compatibility. 
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7.3 SUMMARY 
Based on the data presented in this chapter from CKo UDSS tests conducted 

on over 25 OCR= 1 non-varved soils it can be concluded: 

1. 

2. 

3. 

4. 

For CL and CH soils the peak undrained strength ratio, n/ O"'vc = 0.226 ± 
0.027 SD (COY = 12%, n = 20). The lab results compare well with field 
strengths back calculated by Larrson (1980) from embankment failures for 
the range of plasticity index Ip = 25 ± 15% (Figures 7.10 and 7.11); 

For silts and organic soils which plot below the A-line (ML, MH and OH) 
the peak undrained strength ratio, n/ O"'vc = 0.260 ± 0.037 SD (COY = 
14%, n = 9). 

For all of the soils tested there is very little correlation between the peak 
undrained strength ratio and plasticity index (Figure 7.10). 

The vertical effective stress ratio, O"'v/ O"'vc at ~eak shear resistance is 
approximately constant independent of soil type tFigure 7.5). As a result, 
there is a strong correlation between peak undrained strength ratio and 
the ,Pangle(= arctan n/O"'v) at peak n (Figure 3.12). 

5. There is a reasonably strong correlation between the strain at failure "Yf 
and plasticity index (Figure 7.6). Higher plasticity soils tend to require 
greater straining before reaching failure. 



TABLE 7.1a: Su.aary of CI0 UDSS Tests Run on Nor.ally Consolidated Cohesive Soils at liT. 

---~------~ -- ~--~-~-------- ---

Plasticity At Peak Th 

Eu(50)1 Soil 
(Classification) No. Ip (7.) No. 1 (7.) rfu'vc U'v/U'vc ; 0 Cu 

San Fransico 8.6 0.220 0.582 20.7 330 
Bay lud (CH) 1 25.2 3 ±1.4 ±0.007 ±0.027 ±1.5 (n=2) 

Great Salt 31.3 6.3 0.236 0.571 22.6 625 
Lake (CH) 4 ±8.3 4 ±2.4 ±0.011 ±0.057 ±1.6 ±175 

43.0 11.9 0.218 0.583 20.5 330 
Omaha (CH) 3 ±17.4 3 ±4.1 ±0.002 ±0.026 ±0.6 ±130 

Klamath Falls 84.1 11.7 0.263 0.581 24.4 210 
Oregon (MH) 2 ±1.1 2 ±0.7 ±0.007 ±0.021 ±0.2 ±10 

Bombay, India 43.9 12.3 0.243 0.634 21.0 250 
(MH) 4 ::1:8.9 4 ±2.0 ::1:0.006 ±0.023 ::1:0.3 ::t:55 

Franklin, N.H. 5.5 5.1 0.223 0.592 20.8 700 
(IL) 4 ::1:3.1 4 ±0.6 ±0.025 ±0.076 ±2.1 (n=~2) 

Empire, Lousiana 54.2 13.6 0.209 0.666 17.4 190 
(CH) 3 ±4.1 3 ±1.3 ±0.009 ±0.023 ±1.3 ±10 

Boston Blue Clay 6.1 0.197 0.561 19.4 550 
(CL) * 21±3 5 ±1.8 ±0.009 ±0.017 ±0.9 ±155 

Notes: 
1. All values are mean * 1 standard deviation unless * appears in No. 

column then value is mean :t range. 
2. MIT in source column : MIT Geotechnical Laboratory files; unpublished. 

Remarks/Source 

liT, 1985 

liT, 1985 

liT, 1985 

liT, 1986 

liT, 1982 

liT, 1983 

Azzouz and Baligh 
(1984) 

Ladd and Edgers 
(1972) 

00 
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TABLE 7.1b: Su.aary of CI0 UDSS Tests lun on Noraally Consolidated Cohesive Soils at liT. 

Plasticity At Peak Th 
Soil Eu{50) 

(Classification) No. Ip (7.) No. 1 (7.) r/fJ'vc fJ'v/fJ'vc ; 0 Cu 

Portsmouth 1.8 0.201 0.641 17.4 950 
Sensitive(CL) * 15±3 2 ±0.3 ±0.005 ±0.016 ±0.1 ±70 

Portland, Iarine 4.0 0.208 0.556 20.6 630 
Clay (CL) * 20±4 4 ±1.0 ±0.030 ±0.045 ±2.6 ±105 

Iaine Organic 10.6 0.294 0.593 25.5 380 
(CH) * 34±8 3 ±4.8 ±0.015 ±0.105 ±3.4 ±55 

Bangkok 7.9 0.268 0.581 24.1 425 
(CH) * 41±9 2 ±1.2 ±0.000 ±0.000 ±1.1 ±90 

Atchafalaya 21.0 0.243 0.555 23.9 155 
Lousiana (CH) * 75±10 3 ±2.3 ±0.017 ±0.058 ±3.8 ±15 

AGS, New Jersey 38.0 11.9 0.254 0.595 23.1 275 
(CH) 3 ±7.0 2 ±1.4 ±0.007 ±0.026 ±1.6 ±35 

,Connecticut Valley 6.5 0.168 0.628 14.8 510 
] Varved Clay - - 5 ±1.9 ±0.011 ±0.021 ±1.0 ±70 

Harrison Bay 18.3 11.0 0.243 0.606 21.9 320 
Alaska (IL-IH) 8 ±4.2 9 ±2.7 ±0.009 ±0.060 ±1.6 ±110 

I 

Notes: 
1. All values are mean± 1 standard deviation unless * appears in No. 

column then value is mean ± range. 

Remarks/Source 

Ladd and Edgers 
{1972) 

Ladd and Edgers 
{1972) 

Ladd and Edgers 
{1972) 

Ladd and Edgers 
{1972) 

Williams {1973) 

Koutsoftas and Ladd 
{1985) 

Lacasse, et al. 
{1972) 

lower material 
Yin {1985) 

2. MIT in source column = MIT Geotechnical Laboratory files; unpublished. 
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TABLE 7.1c: Su..ary of CI0 UDSS Tests lun on Noraally Consolidated Cohesive Soils at liT. 

Plasticity At Peak rh 
Soil Eu(50) 

(Classification) No. lp (i.) No. 1 (%) r/fJ'vc fJ'v/fJ'vc 
" 0 

Cu 

Harrison Ba) 11.3 0.303 0.560 28.4 275 
Alaska (IL 1 9.7 2 ±1.3 ±0.009 ±0.008 ±0.4 ±30 

Smith Bay, Alaska 24.8 13.8 0.267 0.592 24.3 270 
Site T (CL- CH) 5 ±5.0 7 ±2.3 ±0.022 ±0.014 ±1.8 ±50 

Smith Bay, Alaska 24.4 10.9 0.257 0.657 21.4 240 
Site V (CL- CH) 4 ±3.2 6 ±1.9 ±0.026 ±0.045 ±0.9 ±70 

Venezuela 42.8 11.8 0.235 0.596 21.6 310 
Orinoco <70' (CH) 4 ±6.8 5 ±3.1 ±0.007 ±0.024 ±0.7 ±35 

Venezuela 47.3 11.1 0.200 0.620 17.9 250 
Orinoco >70' (OH) 4 ±7.6 4 ±2.2 ±0.005 ±0.031 ±0.9 ±40 

Venezuela 47.5 9.6 0.185 0.646 16.0 260 
North of Paria(CH) 2 ±2.4 3 ±0.9 ±0.006 ±0.003 ±0.5 ±5 

Venezuela 29.5 11.3 0.197 0.632 17.4 255 
Tuy Cariaco (CH) 3 ±2.8 3 ±0.8 ±0.016 ±0.027 ±1.5 ±60 

Venezuela 49.1 13.2 0.234 0.599 21.3 275 
Tuy Cariaco (IH) 2 ±1.1 2 ±1.1 ±0.018 ±0.012 ±1.8 ±10 

Notes: 
1. All values are mean ± 1 standard deviation unless * appears in No. 

column then value is mean ± range. 

Remarks/Source 

upper material 
Yin {1985) 

Young {1986) 

Young (1986) 

Ladd, et al. {1980) 

Ladd, et al. {1980) 

Ladd, et al. {1981) 

Boring C1 
lishu, et al. {1982) 

Boring C2 
lishu, et al. {1982) 

2. MIT in source column = liT Geotechnical Laboratory files; unpublished. 

00 
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TABLE 7.1d: Suaaary of CI0 UDSS Tests Run on Noraally Consolidated Cohesive Soils at liT. 

------------------ ~------------------------

Plasticity At Peak Th 
Soil Eu(50) 

(Classification) No. Ip (%) No. 1 (%) rfq'vc q'v/q'vc ; 0 Cu 

Venezuela 20.0 6.0 0.213 0.559 21.0 355 
Tuy Cariaco(CL-CH) 2 z7.8 3 z1.0 %0.007 %0.043 z2.1 z50 

Great Salt 9.1 0.252 0.528 25.6 640 
Lake (CH) * 30z10 3 z3.1 %0.003 %0.049 z2.3 (n=2) 

Draw-7, lA. 30.5 11.8 0.243 0.513 25.4 445 
(CH w/shells) 2 z5.2 2 z5.8 %0.004 %0.049 z1.8 z65 

Alabama 10.4 0.180 0.628 16.0 305 
(CH) 1 56 2 z0.8 %0.006 %0.048 z0.6 z50 

Omaha 0.237 
(CH) * 60z10 2 - %0.001 - - -

Trieste Clay 0.30 
(w/shells, IH-OH) 1 55 - - %0.01 - - -

10.1 0.230 0.598 21.1 
lean * S.D. 100 z4.0 z0.033 z0.051 z3.3 

cov 39.67. 14.3% 8.57. 15.6% 

Notes: 
1. All values are mean* 1 standard deviation unless * appears in No. 

column then value is mean * range. 

Remraks/Source 

Boring C3 
lishu, et al. (1982) 

liT, 1987 

liT, 1987 

liT, 1988 

Ladd (1981) 

Ladd (1981) 

Excluding Omaha(1981) 
and Trieste Clay 

2. liT in source column = liT Geotechnical Laboratory files; unpublished. 
3. COV = Standard Deviation/lean. 

00 
00 
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Figure 7.1: Histogram of Normalized Undrained Strength for 100 Normally 
Consolidated CK 0 UDSS Tests on a Variety of Cohesive Soils (Mean = 0.230 
± 0.033SD). 

30 I I I I I I I I I I I 

25 1-

co 
+-' 20 co 
0 

1-

'+-
0 15 .... 1-

Q.) 
.0 
E 10 :::J -
z 

5 1-

I 

I I I 
I I 

-

-

-

-

-

-

-

-

-

-

0 
0 4 8 12 16 20 24 

Shear Strain, 7 (7o) at (;h}max 

Figure 7.2: Histogram of Shear Strain at ( 'Th)•ax for 100 Normally 
Consolidated CK 0 UDSS Tests on a Variety of CoheSive Soils (Mean = 10.1% 
± 4.0SD). 



cc 
+-' cc 
c 
'+-
0 
~ 
Q) 

..0 
E 
:::::; 
z 

cc 
+-' cc 
c 
'+-
0 
~ 

Q) 
..0 
E 
:::J z 

30 

25 ,_ 

20 1-

15 ,_ 

10 ,_ 

5 1-

0 
0.4 

I 

I I I 

90 

I I 

-

,.---

r---

l- I 

0.5 

I r I I 

-

-

r--

r--- -

-

,___ 
-

I I I I 

0.6 0.7 0.8 
Normalized Vertical Effective Stress, u'v/u'vc at {;h)max 

Figure 7.3: Histogram of Normalized Vertical Effective Stress at ( n)max for 
100 Normally Consolidated CK0 UDSS Tests on a Variety of Cohesive Soils 
(Mean= 0.598: 0.051SD). 

30 

25 -

20 1-

15 1-

10 ,_ 

5 ,_ 

0 
12 

I I I 

16 

I I I I I I 

-

-

-

-

-

20 24 28 32 

Figure 7.4:: Histogram of Psi Angle at ( n)max for 100 Normally Consolidated 
CKoUDSS Tests on a Variety of Cohesive Soils {Mean = 21.1 • : 3.3SD). 



X 
co 
E - LR: (u'v/u'vc)f 

2 
- 0.588 + 0.0002(1P), (n == 26, r = 0.009) 

.J::. 
~ -....., 
co 

0 
> 

b -..... 
> 

b 
... 

(f) 

0.80 

0.75 

0.70 

~ 0.65 
(f) 
Q) 
'-

cii 0.60 
"t­
"t-
w 
....., 
'-
Q) 

0.55 

> 0.50 
"'C 
Q) 
N 

co 
E 
'-

0.45 

t-

,....... 

t-

-

0 z 0.40 
0 

I 

• 
• • 

t .. 

l 

20 

I I I 

• • • • • • • -- - --• •• • • • 
• • 

I I l 

40 60 80 
Plasticity Index, IP (%) 

Figure 7.5: Normalized Vertical Effective Stress at ( n)max Versus Plasticity Index for Normally 
Consolidated CK 0 UDSS Tests on Cohesive Soils (mean data from Table 7.1). 

-

-

-

-

co ...... 



X 
m 
E -.r::. 

l--
+-' co 

# -
('. 

... 
c 
co 
'-
+-' 
(J) 

'-co 
Q) 

.r:. 
(J) 

--- LR: 1t(%) 
2 

- 4.9 + 0.143(1P), (n = 26, r = 0.45) 

12 

14 ·'L_/ I I • I 
-

-

• • ... 
/-• • • -

• 10 

8 

•L_ 

z • 
r-

r-

--

r-

6 

' 
4 

r-

2 r 

r-

0 
0 

/ 

• 

L_ 
V" 

._ 

• 
_l 

20 

, ... 

• -- --

r---- --

_l J 1 

40 60 80 
Plasticity Index, IP (%) 

• 
-

-

--1 

-

-1 

-

---1 

----t 

-

_j 

Figure 7.6: Shear Strain at ( n)max Versus Plasticity Index for Nonnally Consolidated 
CK0 UDSS Tests on Cohesive Soils (mean data from Table 7.1). 

co 
t..,) 



X 
C'O 

E -0 
> 

b ...._ 
.c. 

1--.. 
..r:::. 
+-' 
en 
c 
Q) 
'­
+-' 
(/) 

-c 
Q) 
c 
co 
'--c 
c 

:::> 
-c 
Q) 
N 

co 
E 
'-
0 z 

--LR: (-rh/u'vc)max= 0.20 + 0.00291(-yt), (n==100, r
2

=0.13) 
0.32 

I 

0.28 

0.24 I 

o.2o 1 

I 
0.16 

0.12 
0 

-• 

I 

I ,# 

• 
I --

~· • • 
• I • 

4 

• • 
• • • • I • • • - • • 

- - • 
- ~-- ... .- 1----- • ,..,. 

I • • - I 

••• I I 

- - '-

• ••• • • 

8 12 16 20 24 

Shear Strain, -y (o/o) at (;h)max 

Figure 7.7: Normalized Undrained Strength Versus Shear Strain at ( Th)max for Normally 
Consolidated CK 0 UDSS Tests on Cohesive Soils {individual test data from Table 7.1). 

co w 



__ LR: ..p(') 2 - 18.2 + 0.288(,f)' (n=100, r =0.12) 
30 

X 
C'O 

28 E -..r::::. 
.... 

26 -
+J 
co 
- 24 > 
b -...... 

..r::::. 22 .... -c 
co 20 +J 
() 
'-co 18 
II 

- 16 - • • 
~ • ... 14 OJ • 
0) 
c 12 <( 

Cl) 

10 a.. 
0 4 8 12 16 20 24 

Shear Strain, I' (%) at (,h)max 

Figure 7.8: Psi Angle Versus Shear Strain at ( Th)max for Normally Consolidated CK0 UDSS Tests 
on Cohesive Soils (individual test data from Table 7.1). 

~ 



95 

2000 

No. DESCRIPTION ---
~ 

... Portsmouth 
1000 ... ... Sensit1ve CL Clay 020 .... 
800 '' ............ .... S,~IO, ll: 35, P1=15 

' ............ 
.... .... 

' ' 
(I) 

Boston Cl Clay ' 600 '- " ' .... (D ® 0.20 
........ ' LL= 41, PI= 22 ~ 

" ' "' "' 400 ' ' .... 

""' 
(I) Bangkok CH Clay .......... 

' ' ' (J) 0.27 
......... ' ' ' "'-® LL=65, PI =41 

......... ' ' ' 
" ' ' (I}' Maine Organic 

~ 200 ' ®I " ' ' CH-OH Clay 0.285 
u 

" " '@ LL=65, P1=38 

" ' . @) (2~ 

" "·® @I AGS CH Cloy 0.255 
LL= 71, P1=40 

100 " 80 " 
(I)! Atchafalaya 

" ®I CH Clay 0.24 
60 "-® 

LL=95, PI= 75 

d) 1 Taylor_ River Peat 
40 1 wN- 5oocr. 

0.46 

(!) 
Ol from Ladd 8 Edgers (1972) 
(2> MIT for Domes 8 Moore 

20 (3> MIT tor Holey 8 Aldrich 
02 0.4 0.6 0.8 

APPLIED SHEAR STRESS RATIO 1: rrlcu 

3Trrlr tn=Applied honzontol shear stress 

r =Shear strom 

Figure 7.9: Normalized Secant Young's Modulus Versus Applied Shear 
Stress Ratio from CK 0 UDSS Tests on Seven Normally Consolidated Soils 
(from Ladd, et al., 1977). 



0 
+-' 
m 
a: 
.c. 
+-' 
C') 
c 
Q.) 
'-
+-' 
en 
"'0 
Q.) 
c 
m 
'-

"'0 
c 

:,:) 

- Lab LR: (Th/u'v)max = 0.222 + 0.00028(1P), (n = 28, r
2 = 0.03) 

·---- Field LR: c Ia' = 0.186 + 0.00161 (I ) , (n = 27, r
2 = 0.49) 

0.5 u p p 

r-

0.4 

r-

0.3 

r-

0.2 

t--

0.1 

c--

0.0 
0 

• 

-
_ .. 

0 

I I I I I I I 

Lab CK0 UDSS (;h/u'vc)max: MIT (Table 7.1) 

Field c lu' : u p 
Larrson ( 1980) 

Field 

" " .. \ . 
"-" • - l----;.. 

--- ---
I • --0 

----
<D .( D 0 ~--9-!- ·--~. 

-I --· "-" 
- -

--~ ---- -J • ~- or-" .. • ~-

r- ---'-" "--' -• • Lab 

l I I I 

20 40 60 

Plasticity Index, IP (%) 

~ 

"' '-" 

0 -

CD ____ 

-----
CD 

• .. 0 -- 0 

-

-

80 

Figure 7.10: Comparison of Field and Laboratory Normalized Undrained Shear Strengths for 
Non-Varved Cohesive Soils (OCR=1 for Laboratory CK0 UDSS Tests; after Ladd, 1981). 

8 



A- LINE 
·0 0.40 Above Below Source of Strength Data • 
~ 0 • I Field Culo-~: Lar~.son (1980) 
a: 
:X: 0.35 
I-
(.!) 

0 Lob CK0 U Tovelo-v~:Table 4 

0 

• 
Lob CK0UOSSrh/crv~:MIT 

• 
z 
w * a: • • * * 

I 
C0 /o-p ,, 
~ ..... 

(J) 

0 
w 
z -c::x: 
a: 
0 
z 
::> 

0.15 

• * + •* ® ()!) ~ /.' -~--ct---.;::-+-~~r7--*----o-'-r~~~+.O--~-:;;.~@-~- -- ~ +0~ --o ._ 
0 E6 + * Tavelcr;c 

+ 
NOTE : Linear R . egresston Lines for Cl oy Data 

0 10 20 30 40 50 60 70 90 

PLASTICITY INDEX, Ip ( 0/o) 

Figure 7.11: Comparison of Field and Laboratory Undrained Strength Ratios for Non-Varved 
Sedimentary Soils t OCR=1 for Laboratory CK 0 U Testing; from Ladd, 1991 ). 

co 
~ 



98 

CHAPTERS 

STRAIN SOFTENING BEHAVIOR OF CK0UDSS TESTS 

8.1 INTRODUCTION 

This chapter discusses the strain softening behavior that is prevalent in all of 

the normally consolidated CK0 UDSS tests summarized in Table 7 .1. The results 

presented in this chapter should be viewed upon as a preliminary investigation of this 

subject. The objective is to provide some new insight and tentative conclusions into 

the possible cause of strain softening in the DSS. 

Most of the test results included in Chapter 7 are from tests on soil specimens 

which are mechanically overconsolidated in the laboratory using the SHANSEP 

technique described by Ladd and Foott (1974). Every test on all of the different soils 

exhibited strain softening behavior after the peak horizontal shear resistance was 

reached. In fact, many of the tests summarized in Table 7.1 exhibit a near linear 

negative slope of shear stress versus shear strain starting within a few percent shear 

strain after the peak shear resistance. In addition, no soil has shown any indication 

that the post peak stress-strain curve is reaching the "Critical State Line" ( CSL) or 

the residual strength of the soil. This conclusion is based on two observations: 1) the 

normalized shear stress ( n/ a' vc) versus shear strain ( "Y) curve shows no indication of 

leveling off; and 2) the ratio of horizontal shear stress to vertical effective stress (the 

obliquity = n/ a'v) seldom approaches a constant value at large shear strains ( "Y ~ 

30%) and is continuing to increase at the end of most tests. Examples of this measured 

behavior are shown in Figures 8.1 and 8.2 which plot normalized stress-strain curves, 

pore pressure-strain curves and stress paths for CK 0 UDSS tests on specimens of 

normally consolidated (OCR =1 ) and highly overconsolidated (OCR = 7.8) 

resedimented Boston Blue Clay (BBC) respectively. Both specimens exhibit a 

significant rate of strain softening after reaching the peak shear resistance. For the 

overconsolidated test, this strain softening is accompanied by a sharp reversal in the 

direction of the stress path as the pore pressure starts to increase. Furthermore, the 

data do not indicate that either specimen is approaching a residual strength or a 

constant obliquity with increasing shear strain. 

Figure 8.3 is a plot of n/( n)max versus shear strain beyond the peak shear 

resistance (i.e., "Y- "Yf, for "Y > "Yr) for 90 of the tests summarized in Table 7.1. The 

symbols are plotted at values of ( "Y - "Yr) > 0 which were measured at 5% intervals 

using "Y = 5%, 10%, 15%, ... ,etc. (e.g., if "Yf = 8.5%, values of rf Tmax are plotted at ( "Y-



"Yf) equal to 1D-8.5=2.5%, 15-8.5=7.5%, ... , etc.). s The symbols for each individual 

test are not joined to avoid making the figure more cluttered. It is clear from this 

figure that not only do all of the soils tested exhibit strain softening behavior, but they 

also strain soften by different amounts. In general, it is reasonable to expect that 

different soil types will exhibit differences in their strain softening behavior. For 

example, the solid symbols in the figure represent tests performed on the Arctic soils 

from Harrison Bay and Smith Bay, which show that these soils tend to strain soften 

more than most of the other soils tested at MIT. Thus the obvious question is: is it 

possible to correlate the degree of strain softening to soil type using certain common 

soil properties such as plasticity index? It is also important to question if the 

measurements made past the peak shear resistance truly represent strain softening of 

the intact soil under uniform simple shear conditions (providing ruptures do not 

occur). The remainder of this section will discuss strain softening observed in the DSS 

by addressing these two questions. 

8.2 QUESTION 1: 

Can Strain Softening in Geonor CKo UDSS Tests on Normally Consolidated 
Cohesive Soils be Correlated With Soil Type'! 

Bishop (1971) defined a brittleness index (Ib) to describe the drop from peak 

to the residual strength of a soil as given by the following equation in terms of 

undrained shear strengths: 

where: 

I b = ( Cu )r - ~ Cu )r 
(cu f 

Ib = Brittleness Index; 

( cu)r = Undrained shear strength; 

( cu)r = Undrained residual strength. 

8.1 

Bishop evaluated the brittleness index for some soils using a ring shear apparatus, 

which allowed large displacements necessary to reach the residual strength, between 

two horizontal surfaces of an annular soil specimen. An example of a typical result is 

given in Figure 8.4 for remolded Blue London Clay which required a Ll of 17.3 em (Ll 

sstandard MIT CK0 UDSS tests are conducted up to 1 = 25 to 30%, hence all these 
str~.in softening data are readily available. 



is the relative displacement at the mean diameter of the annular specimen) to reach 

the residual strength. (Note: the time required to reach failure and the residual 

strength for this test suggests that this was a "rapid undrained" shear test. Regardless 

of this, the test data are presented here primarily to illustrate the Brittleness Index 

concept). 

In the case of CK0 UDSS tests we cannot use the brittleness index to describe 

how much a soil strain softens when it reaches its residual strength. The problem, as 

discussed at the beginning of this section, is that soils do not reach their residual shear 

strength in the DSS. However, as a first approximation to analyze MIT's test data, a 

pseudo brittleness index will be used as a strain softening index to see if it shows a 

correlation between strain softening behavior and soil type. The reduction in shear 

resistance at 1 = 25% will be compared with the plasticity and liquidity indices of the 

soils tested at MIT. 6 The pseudo brittleness factor is described schematically in 

Figure 8.5a and is calculated using the following equation: 

where: 

1 b _ ( Th)max - ( 111)1=25 
p - ( Th)max 

lpb = Pseudo Brittleness Index; 

( Th)max = maximum shear resistance; 

( 711)1=25 = shear stress at 1 = 25%. 

8.2 

If Ipb = 0, a soil exhibits no strain softening between its peak shear resistance and 1 = 
25%; conversely, for lpb = 1 a soil has strain softened to zero shear resistance. 

Figures 8.6 and 8. 7 are plots of the lpb versus liquidity index (based on water 

content measured during trimming) and plasticity index, respectively, for most of the 

tests summarized in Table 7.1. Figure 8.6 shows that there is no correlation between 

the Ipb and liquidity index and furthermore it also shows that the Arctic soils do not 

cluster within a unique region of the plot with respect to the lpb· Figure 8. 7 shows 

that there is a moderate correlation between the lpb and plasticity index. The plot 

indicates that higher plasticity soils tend to strain soften less up to 1 = 25%. 

However, the correlation presented by Figure 8. 7 can be misleading. This is shown in 

Figure 8.8a which plots the stress strain curves for three of the tests summarized in 

Table 7.1. The three soils range from a high plasticity clay (Atchafalaya) to a 

61 = 25% was selected because most of the tests were terminated between 25 and 30 
percent shear strain. 
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sensitive soil with low plasticity (Portsmouth). As expected and shown in Chapter 7, 

the higher a soil's plasticity the larger the strain at failure and therefore at 1 = 25% a 

higher plasticity soil is likely to have undergone less strain softening than a lower 

plasticity soil which reached its peak shear resistance at a much lower shear strain. 

Thus, for describing the absolute degree of strain softening of a soil with respect to the 

amount of total shear strain to which it is subjected, the Ipb versus plasticity index 

correlation is useful. However, for describing the rate or degree of strain softening that 

a soil exhibits after its peak shear resistance is reached, the correlation is not useful. 

Given the results found for the Ipb index, it appears that a strain softening 

index which incorporates the slope of the post peak stress-strain curve should also be 

investigated. Thus, a second index was selected as described schematically in Figure 

8.5b and is computed as follows: 

where: 

Sr = (1 - ( 111)1/( Th)max) for 1 > 1f 
1- 1f , 

S1 = slope of the stress strain curve from 1f to y, 

1f = shear strain at maximum shear resistance (in absolute units); 

1 = shear strain (in absolute units); 

( Th)max = maximum shear resistance; 

( n) 1 = shear stress at shear strain 1· 

8.3 

The actual post peak stress-strain slope is always negative, but Equation 8.3 is 

arranged so that S1 values are always positive. The shear strains in the equation are 

in absolute units so that S1 = 1 represents a stress-strain curve where a soil loses one 

percent of its peak shear resistance per one percent shear strain. As illustrated in 

Figure 8.8a, many stress-strain curves are not straight lines beyond the peak shear 

resistance. Thus to capture this characteristic, S1 values can be calculated for 

different values of 1- 1f (e.g., S5, S10, etc.) and then averaged. Although this may not 

be an ideal parameter, it still gives an indication of the relative difference in the slope 

of the post peak stress-strain curves for different soils. This is shown by a simple 

example in Figure 8.5c. In the figure, soils B and C lose the same amount of shear 

resistance at ( 1- 1r) = 15%; however, soil B throughout the post peak stress-strain 

curve up to this point exhibits less strain softening than soil C. This is reflected by its 

lower average S1 (1.5 versus 2). This index does not work very well if the post peak 

stress-strain curves of different soils tend to cross each other. For example, in Figure 

8.5c soil B's stress-strain curve would have to fall significantly below soil C beyond ( 1-
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1'f) = 15% before its averages, value is greater than 2 (this is the constant value for 

soil C because its curve is straight). Fortunately, most soils tested in the DSS tend to 

exhibit gradual increases in the slope of the post peak stress-strain curves. 

The S 5, S 1o and S 1s values were computed for most of the soils summarized in 

Table 7.1. Figures 8.9 and 8.10 plots the average S = 1/3(S5+S 10+S 15) for the 

different tests versus plasticity and liquidity indices. Figure 8.9 confirms the 

observation made from Figure 8.3 that the Arctic soils tend to have steeper strain 

softening slopes than many of the other soils, as seen by their high average S values. 

However, in general there appears to be no correlation between the average S values 

and plasticity index. Upon first inspection this is not the case for average S values 

versus liquidity index (Figure 8.10). There appears to be a moderate degree of 

correlation between the average S and liquidity index. This trend is opposite to what 

one would expect from our understanding of soil behavior. That is, one would expect 

soils with a low h to have minimal strain softening (i.e., more or less same peak and 

residual strength for a sensitivity near unity) and soils with a high I1 to have 

significant strain softening (i.e., peak strength much larger than residual for a high 

sensitivity). Further inspection of Figure 8.10 shows that the Arctic soils tend to 

cluster around a region of the plot which distinguishes them from the other soils (e.g., 

having lower values of h) Removing the Arctic silt data set gives a new linear 

regression which indicates that there is little correlation between the average S and 

liquidity index for all of the non-Arctic soils (the dashed line in Figure 8.10). This is 

shown clearly by the stress-strain curves of the three soils plotted in Figure 8.8b. The 

slope of the Arctic soil (Harrison Bay) is steeper than the other two soils and is 

reflected by its higher average S value (1.73). Yet, the high plasticity, low h 
Atchafalaya clay and the high I~, very sensitive Portsmouth clay (sensitivity = 11 

based on field vane data, Ladd and Edgers, 1972) exhibit nearly identical post peak 

behavior (average S equal to 1.26 and 1.19, respectively), which is consistent with the 

lack of correlation found in Figures 8.9 and 8.10 which are results that were not 

expected. 
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8.3 QUESTION 2: 

Does the Post Peak Behavior of CKa UDSS Tests on Cohesive Soils Truly 
Represent Strain Softening of Intact Soil Under Uniform Simple Shear 
Conditions? 

Results from theoretical studies presented in Chapter 3 show that the DSS 

device imposes a nonuniform state of stress to test specimens. Experimental data 

presented in this section strongly suggest that this nonuniform state of stress is 

responsible for a significant portion of the degree of strain softening measured in a 

constant volume direct simple shear test. The section begins with a presentation of the 

results of a series of constant volume tests conducted on an elastic material (rubber), 

followed by the results of four cyclic CK0 UDSS tests on two clays having varying 

overconsolidation ratios. The collective results are used to draw conclusions about the 

influence of the DSS device on the measured strain softening behavior of soils during 

constant volume testing. 

Some of the tests were conducted using the Multidirectional Direct Simple 

Shear (MDSS) apparatus. This direct simple shear device was developed at MIT by 

DeGroot (1989) to simulate the stress conditions acting within a thin foundation soil of 

a rigid offshore arctic gravity structure. The device has the capability of applying two 

independent horizontal shear stresses to a 35 cm2 by 2.3 em high DSS specimen 

confined within the a wire-reinforced membrane (this is the same specimen size used 

at MIT in the Geonor DSS). A typical test consists of consolidating a specimen under 

a vertical consolidation stress (a' vc) and a horizontal consolidation shear stress (The = 
7 1) and subsequently shearing the specimen undrained by application of the second 

shear stress ( 72) acting at an angle 0 relative to 7 1. The first horizontal shear stress, 

7h represents the stress acting at an element within the foundation soil due to gravity 

loading after initial set-down of a structure, while the second horizontal shear stress, 

7 2, represents the stress due to a horizontal ice loading. Tests can be conducted in the 

MDSS with 0 varying in increments of 30° from oo (i.e. 7 1 and 7 2 acting in same 

direction) to 150°. The orientation of 7 2 is always parallel to the X axis of the device, 

while the orientation of 7 1 is changed in order to achieve different 0 angles. In its 

simplest mode of operation the MDSS can conduct conventional K0 consolidated direct 

simple shear tests (i.e., CK 0 UMDSS) by setting 7 1 equal to zero. Multidirectional 

direct simple shear tests can be conducted in the Geonor DSS, but only for 0 equal to 

0" and 180° (i.e. 7 1 and 7 2 acting in the same and opposite directions, respectively). 

Tests conducted with a horizontal shear stress acting on the specimen during 

consolidation are herein referred to as anisotropically consolidated direct simple shear 
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tests ( CA UDSS) for the Geonor DSS and MDSS. The procedure for conducting this 

type of test in the Geonor DSS is summarized in Appendix A. For more detail on the 

MDSS the reader is referred to DeGroot (1989). 

As discussed in Chapter 5, undrained shear is conducted in both the MDSS 

and the Geonor DSS by maintaining the specimen volume constant during shear and 

allowing free drainage at the top and bottom. Since the specimen is confined laterally 

by the wire-reinforced rubber membrane, maintaining constant height results in a 

constant volume test. Height control is achieved by varying the vertical stress and 

assuming that changes in the vertical stress are equal to the pore pressure that would 

develop in a sealed specimen. DeGroot et al. (1991a) describes the servo control 

systems used at MIT for conducting constant volume tests in the MDSS and Geonor 

devices. Undrained shear for cohesive soils is typically performed at a constant rate of 

strain equal to 5 percent per hour. 

8.3.1 Results of DSS Tests Conducted with Rubber 

Several tests were performed using rubber because of its elastic properties. 

Rubber is also an incompressible material and therefore does not undergo volume 

changes during shear like soils do (i.e., Poisson's ratio, v ~ 0.5). Hence, if a test 

specimen of elastic rubber were subjected to pure shear conditions, there should be no 

volume change. 7 However, the Geonor DSS and MDSS, subject specimens to simple 

shear strain conditions, without complementary shear stresses acting on the sides of 

the specimen, resulting in a nonuniform state of stress. Theoretical studies using 

elastic material properties (Chapter 3) predict that tensile zones develop at the upper 

leading edge and lower trailing edge of specimens under simple shear strain conditions 

(Figures 2.2 and 2.3). 

The development of tensile zones in the DSS apparatus for an elastic material 

was verified using a rubber specimen. The rubber was subjected to an initial vertical 

stress, avo = 294 kPa in the DSS and then sheared under constant height conditions 

(the specimen was not confined in the wire-reinforced membrane). Figure 8.11 shows 

a schematic cross-section of the rubber specimen at shear strains less and greater than 

10%. The sketches in Figure 8.11 show that at small shear strains a gap opens up at 

the lower trailing edge, while the specimen was pinched at the upper leading edge. 

Furthermore, the specimen did not have straight and parallel edges from the top 

7Actually a material does not have to be incompressible (v = 0.5) for this condition to 
hold. Any linear elastic isotropic material subjected to a pure shear state of stress 
(i.e. 1 ~a oct= 0) will have ~fvol = 0 independent of the value of v. 



surface to the bottom surface, as required for simple shear strain conditions to exist. 

At higher shear strains, the top leading edge also developed a gap that, along with the 

lower trailing edge gap, kept getting bigger with increasing shear (a file folder ~ 0.6 

mm thick could easily be inserted in the gap). 

Figure 8.12a shows a normalized shear stress-strain curve from a standard 

constant height test conducted in the MDSS (i.e., r 1 = 0) on a rubber specimen. In 

spite of the development of gaps, the stress-strain relationship is almost linear because 

the specimen is well within its elastic range and is able to redistribute the shear stress 

to the area of the specimen remaining in contact with the top cap and the bottom 

pedestal. But the influence of the gaps is reflected in the normalized vertical stress 

versus the shear strain plotted plotted in Figure 8.12b ( 'Y = 0 represents the neutral 

position of the MDSS and also corresponds to the origin of the X axis, i.e., X = 0). In 

this figure, the continuous decrease in the vertical stress required to maintain the 

specimen's height constant during shear is similar to the behavior of a normally 

consolidated cohesive soil as shown in Figure 8.1 (i.e., the contractive behavior of the 

soil leads to the development of positive excess pore pressure). However, the rubber 

specimen is an incompressible elastic material that should not require a change in the 

vertical stress to maintain its height constant under simple shear strain conditions. 

Yet in a DSS test the stress conditions are not uniform; gaps develop and the effective 

area of the specimen decreases. This results in an increase in the vertical stress acting 

on that portion of the specimen remaining in contact with the top cap and bottom 

pedestal. The increase in vertical stress causes the rubber to want to undergo vertical 

compression. This is detected by the constant height servo control system which, then 

decreases the vertical load acting on the specimen. The vertical load continuously 

decreases during shear as the effective area of the specimen decreases due to the 

increase in the size of the gaps. 

Several "anisotropically consolidated" ( CA U) DSS tests were conducted on the 

rubber specimen with rtf Uvo = 0.200. THe vertical stress response during constant 

height shear (application of r2) of MDSS tests having different 0 angles is plotted in 

Figure 8.13, along with the same type of test conducted on rubber in the Geonor DSS 

with () = 180° The top of Figure 8.13 shows the component of the r 1 shear stress that 

acts parallel to the X-axis (i.e., the magnitude of rx/ Uvo) and the resulting shear 

strain, rx· For () < 90°, ; 2 acts in the same direction as rx; whereas for 0 > goo, r2 

acts in the opposite direction. 

The results plotted in Figure 8.13 for the tests with () = oo, 60° and goo reflect 

the same trends as found for the ?viDSS test with r 1 = 0 plotted in Figure 8.12. During 



application of Tt, the vertical stress was maintained constant so that the initial uv/ Uvo 

must equal unity even though the specimen developed gaps. During application of the 

second shear stress, r2, which is applied under constant height condition, increasing 

shear strain in the X direction increases the size of the gaps and caused a reduction in 

crv/ Uvo· Hence, all of the curves show a significant decrease in the vertical stress 

required to maintain the specimen's height constant during the r 2 shear. Of even more 

interest is the curves for the tests at 0 = 120°, 150° and 180°. In these tests, the 

vertical stress curves are parabolic and symmetric about the neutral axis of the 

MDSS and the Geonor DSS (i.e., at 1 = X = 0). The gaps which developed during 

application of r 1 at constant Uv = Uvo start to close upon reversal of the Tx shear stress 

due to r 2 acting parallel to the X axis. As the gaps close, the effective area of the 

specimen increases, thereby causing a decrease in the average vertical stress and a 

tendency for the specimen to expand in the vertical direction. In response to this 

behavior, the constant height servo control system increases the vertical force to 

maintain the specimen height constant. The rate of increase in the vertical stress 

monotonically decreases as the X coordinate approaches zero. The reverse 

phenomenon then occurs as the specimen passes through the neutral axis of the device 

(i.e., the gaps again increase, leading to a decrease in uv/ Uv0 ). This effect is clearly 

more pronounced for those tests where the specimen strained the largest in the 

negative X direction during application of r 1 (e.g., compare 0 = 150° and 180° with 0 

= 120° ). 

The above results, summarized in Figure 8.14, dramatically show the influence 

of the development of gaps due to the nonuniform state of stress on the variation in 

vertical normal stress acting on an elastic specimen in a direct simple shear device. In 

review, this nonuniformity causes: a monotonic decrease in uv for a conventional 

CK0 U test; a more rapid decrease in uv for a CAU test sheared in the same direction ( 0 

= oo ); and an initial increase in uv for a CA U test sheared in the opposite direction ( 0 

= 180° ), followed by behavior similar to the other tests when the specimen strains 

beyond the neutral axis at 'Y = 0%. The results lead one to question if and how stress 

nonuniformity influences the behavior of clay specimens tested in a direct simple shear 

apparatus. 

8.3.2 Results of Undrained Cyclic DSS Tests on Clay Specimens 

This section discusses the results of four cyclic Geonor DSS tests conducted on 

resedimented BBC (liquid limit = 46% ·and plastic limit = 22%) and undisturbed San 

Francisco Bay Mud (plastic limit = 25% ). The four specimens were K0 consolidated to 



varying overconsolidation ratios and subsequently sheared undrained at the 

conventional shear strain rate of 5%/hour. 

Figure 8.15a plots the normalized stress-strain curve for an undrained test on 

normally consolidated resedimented BBC specimen conducted by Malek {1987). The 

specimen was cycled with n/su = 0.85 (max. n/u'vc = 0.17) and reached failure after 

2.25 cycles. Before the specimen failed, the shear strain varied between relatively 

small levels and the stress-strain curve displayed the characteristic hysteresis shape of 

cyclic tests on soils. Figure 8.15b plots the normalized vertical stress during shear and 

shows a continuous decrease in the vertical effective stress ( equiv;tlent to development 

of positive pore pressure) as the number of cycles increases. 

Figure 8.16a plots the normalized stress-strain curve of a test also conducted 

on a normally consolidated resedimented BBC specimen. In this case, the specimen 

was sheared undrained well beyond the peak shear resistance before reversing the 

direction of the applied shear stress. During initial loading, the normalized undrained 

shear strength was equal to 0.184 at 'Y = 6.2%. Upon reversal, the maximum 

normalized shear resistance was equal to -0.133 and occurred at approximately 'Y = 0% 

(i.e., the neutral axis of the device). Figure 8.16b plots the variation in the normalized 

vertical effective stress. During initial loading, the vertical stress decreased in response 

to the contractive behavior of the specimen. But upon reversal of the applied shear 

stress, the vertical stress gradually increased with the increase in the negative shear 

resistance and decrease in the shear strain. The increase in vertical stress reached a 

maximum at exactly 'Y = 0% (point c). The vertical stress then began to gradually 

decrease as the specimen strained beyond the neutral axis of the device. The vertical 

stress response during the reversal cycle is also essentially symmetric about 'Y = 0%. 

This same type of behavior was observed in two DSS tests on San Francisco 

Bay Mud (SFBM). Figure 8.17 plots the normalized shear stress and vertical stress 

versus shear strain for the two tests. Both specimens were overconsolidated using the 

SHANSEP technique with overconsolidation ratio's equaling 1.5 and 4.1. In both 

tests, the increase in vertical stress and shear stress during reversal of the applied shear 

stress reached a maximum at approximately 'Y = 0% and both curves display a 

symmetric shape about 'Y = 0%. 

Figure 8.18 plots the normalized vertical stress during reversal of the applied 

shear stress for the three tests in Figures 8.16 and 8.17 (and uses the same letters to 

designate the shear conditions). The value of the value of the vertical effective stress 

at 'Y = 0% during the reversal cycle was used to normalize the data. The results 

plotted in Figure 8.18 reflect the convex and near symmetric shape of the normalized 
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vertical stress versus shear strain during the reversal stage. The fact that three DSS 

tests on two different soils at three different OCR's and stress levels exhibit this type 

of behavior during the reversal stage of the first cycle is more than coincidental. 

Symmetry of the normalized vertical stress about the neutral axis of the DSS device for 

the three tests indicates behavior that is strongly dependent on the strain conditions in 

the DSS apparatus and perhaps varying with OCR. 

There is no apparent soil behavioral reason why the vertical stress should 

reach a maximum when a DSS specimen is passing through the neutral plane of the 

device during the reversal stage. This did not occur in the cyclic test on BBC plotted 

in Figure 8.15 because in this test the specimen was not initially sheared to large 

strains. The specimen was loaded up to 85% of its maximum shear resistance and 

experienced relatively small shear strains. The normalized vertical stress plot does, 

however, begin to show characteristics similar to the other three tests during cycle 

number 2. But clearly during the first cycle the vertical stress continuously decreases 

as the specimen passes through the neutral axis of the device. 

8.3.3 Discussion 

Upon reversal in the strain direction, the results of the DSS tests on rubber 

(e.g., 0 = 150° and 180° in Figure 8.13) display the same characteristics in vertical 

stress behavior as the tests on clay (Figure 8.18) when the specimen strained through 

the neutral axis of the device. The response of the rubber specimens is explainable in 

terms of the reduction in their effective area as gaps develop during shear. It is 

unlikely that such gaps develop in the tests on clay specimens, but the similarity in the 

vertical stress plots between the rubber tests and clay tests (during the reversal cycle) 

suggests that the normal stress distribution in the clay specimens is strongly influenced 

by the apparatus. The clay specimens undergo an apparatus-induced "dilative" 

behavior as the specimens strain towards the neutral axis during the reversal cycle. 

This causes the servo control system to increase the vertical stress to maintain the 

specimen height constant and hence probably causes an increase in shear resistance 

above that due to undrained shear of the clay specimens. Once the specimen passes 

through the neutral axis, the reverse occurs and the device induced decrease in vertical 

stress probably causes a decrease in shear resistance compared to the true undrained 

shear behavior of the soil. 

This device-induced behavior will not be evident in the measured results 

unless the specimen has been sheared to a state where the rate of development of 

shear-induced pore pressure is relatively low. That is, if the specimen is in a state 
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where it is developing significant shear-induced pore pressures, as during the first cycle 

of the test on BBC plotted in Figure 8.15, the measured response (points o-a-b-c) 

will mainly reflect basic soil behavior rather than the tendency of the apparatus to 

influence the specimen's behavior. However, if a specimen is in a state where it is not 

developing significant shear-induced pore pressure, then the influence of the device will 

dominate the measured response of the specimen, as seen during the reversal cycle of 

the three tests on BBC and SFBM (e.g., Figure 8.18). 

Careful inspection of data from the standard CK 0 UDSS tests on BBC also 

provides further insight, although less definitive. For OCR= 1 in Figure 8.1, the ~u 

versus 1 curve suggests leveling off of pore pressure generation around 1 = 10%, 

followed by an increased rate at larger strains. This behavior may reflect effects of the 

DSS induced unloading. For OCR= 7.8 in Figure 8.2, initially there is a development 

of large negative pore pressure up to peak shear strength at 1 = 10%. This is followed 

by an abrupt reversal in the direction of the effective stress path due to generation of a 

large reduction of (J'v (i.e., ~u becoming less negative). This pronounced strain 

softening behavior may be caused in part by device induced unloading. 

The implication of this hypothesis is that the shear resistance of a clay 

specimen during a standard CK 0 UDSS test is not exclusively dependent on the soil 

type and stress conditions. This should be particularly important during the post peak 

stage of a test where the specimen continuously strains away from the neutral axis of 

the device and the rate of shear induced pore pressure development is significantly less 

than during the pre-peak stage of the test. The influence of the apparatus on the 

measured shear resistance could be considered to have a convex shape symmetric with 

respect to the neutral axis of the device. As the shear strain increases, the reduction in 

shear resistance of a test specimen due to the influence of the apparatus on the 

reduction in (J' v increases. This hypothesis implies that the pronounced strain 

softening always observed at large strains is at least partially due to the nonuniform 

vertical stress caused by the DSS device. 

The schematic in Figure 8.19 of the hypothesis showing influence of DSS 

apparatus on the behavior of a normally consolidated specimen in a CK0 UDSS test 

indicates a potentially large error in the measured strain softening behavior of a soil. 

The figure does not, however, show a significant difference between the "true" and 

measured~ horizontal shear resistances. The figure is drawn in this manner based 

on the fact that most CK 0 UDSS tests on cohesive soils reach a peak horizontal shear 

resistance at relatively low values of shear strain where the influence of the apparatus 

is minim.:tl and only increases significantly the further a specimen strain away from the 
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neutral axis. Data presented in Chapter 7 (Table 7.1) gives the average z one standard 

deviation (SD) for the shear strain at peak horizontal shear resistance equal to r = 
10.1% z 4.0SD. Hence for many soils the measured peak shear resistance and the 

"true" value will differ by very little, whereas the difference may be larger if the shear 

strain to failure is larger than usual. This in general would be the case for high 

plasticity soils since there is a strong positive correlation between increasing plasticity 

index and increasing strain at failure (Figure 7.6). 

Airey and Wood (1987) state that "ruptures develop in all simple shear tests". 

If this is the case, then the measured post rupture behavior of the specimen cannot be 

used to represent the simple shear behavior of intact soil and it is not clear how to 

evaluate the measured data. If indeed all simple shear tests develop ruptures, the 

problem is that they are virtually impossible to detect in the Geonor DSS. Even with 

major modifications (i.e., using radiography), detecting the development of ruptures 

and their orientation during a test would not be very easy and certainly would not 

become a routine testing procedure. While it is plausible that some soils do indeed 

develop ruptures, Airey and Wood's statement appears overly strong. 

Regardless of whether ruptures occur or not, the data presented herein clearly 

indicate that the strain softening behavior measured in the DSS does not accurately 

represent an intact soil's post peak simple shear behavior. Thus one cannot 

unequivocally recommend using the measured strain softening data for design. 

Unfortunately, many designers, for lack of adequate information, are forced to make 

assumptions in their analysis which do not realistically represent the field situation 

(e.g., extensive use of elastic and rigid perfectly plastic soil models in finite element 

analysis). The same situation holds for problems wherein designers want to account 

for decreases in in situ strength due to progressive failure (i.e., the mobilized strength 

is less than the average of peak strengths due to strain softening as discussed in Section 

4.9 of Ladd 1991). While the evidence presented in this chapter indicates that 

selection of shear strengths corresponding to large shear strain in laboratory DSS tests 

is not accurate, it should be a conservative approach. 

The notion that the DSS apparatus causes a device-induced reduction in shear 

resistance leads one to wonder if a correction to the measured data could be developed. 

Before such a correction could be developed, however, it is necessary to obtain 

experimental evidence which would leave little doubt that the device-induced 

reduction in shear resistance hypothesis is valid. One possible way to do this would be 

to conduct tests like that performed on the SFBM (Figure 8.17) specimens, but with 

many more cycles. Presumably a.fter several cycles the shear behavior the soii 



have reached its steady state value. 8 If at this stage the stress-strain curve continues 

to exhibit a maximum shear resistance each time the specimen passes through the 

neutral axis of the device and is symmetric about the neutral axis, then that should 

leave little doubt about the influence of the device as shown schematically in Figure 

8.20. 

If the same phenomenon was observed in a variety of tests on different soils 

and the normalized stress-strain curves were parallel as shown in Figure 8.21, then it 

may be possible to develop a correction. If, however, they are not parallel, then how to 

make a correction is not evident. Even if a correction to the stress-strain data could 

be made, it could not be used if ruptures occur during the test. Making a correction to 

the stress-strain data under these circumstances would be nonsensical. 

8.4 SUMMARY 

Based on the discussion presented in the previous sections, the following 

statements are offered on the strain softening behavior of cohesive soils as measured in 

Geonor CK0 UDSS testing: 

1. All normally consolidated cohesive soils exhibit strain softening behavior 
when tested in the Geonor DSS (Fig. 8.3). This in itself is not surprising 
since it is commonly accepted that most undisturbed normally 
consolidated cohesive soils exhibit strain softening behavior in an 
undrained shear test; 

2. There appears to be little correlation between the nature of a soil's strain 
softening behavior, as represented by the two strain softenin~ indices 
presented in Section 8.2, and the plasticity and liquidity indices {Fig. 8.6, 
8. 7, 8.9 & 8.10). It is still unclear why the Arctic soils tested at MIT tend 
to strain soften more than most other soils; 

3. Due to the nonuniform stress condition, a rubber specimen develops gaps 
(Figure 8.11) during constant volume shear. This in turn requires the 
vertical stress acting on the specimen to be decreased in order to maintain 
the constant volume condition during shearing away from the neutral axis. 
The opposite occurs when straining a rubber specimen towards the 
neutral axis (Figures 8.12, 8.13, & 8.14); 

8This was tried with the BBC test plotted in Figure 8.16. Unfortunately, the vertical 
stress becomes very low in these types of tests and may cause slippage between the top 
cap and the specimen. This is what happened during the BBC test and once it 
occurred continued shearing involved displacement of the top cap relative to the top of 
the specimen. 
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4. Data from constant volume tests conducted on clay specimens which were 
first sheared to large shear strains and then subjected to a reversal in the 
shear direction show a symmetric pattern in the magnitude of the vertical 
stress about the neutral axis of the DSS device during the shear reversal 
cycle (Figure 8.18); 

5. Results from the constant volume tests conducted on rubber and two 
cohesive soils strongly indicate that the measured DSS stress-strain 
behavior is influenced by the nonuniformity of stresses. While it is 
believed that there is little effect on the magnitude of the measured peak 
shear resistance, the device does produce a measured degree of strain 
softening that is greater than the "true" behavior (Figure 8.19); 

6. If ruptures do occur in all simple shear tests, then the post rupture data 
do not represent the behavior of the intact soil and proper interpretation 
of the data is unclear. Unfortunately, little research has focused on 
detecting the presence of ruptures in a DSS test. 

It is clear from the discussion presented in this section that the issue of strain 

softening in the DSS is complex. Much research (e.g., detection of ruptures and 

continuation of work presented in Section 8.3) is still required to resolve this issue and 

it is hoped that the material presented in this section will have at least shed some light 

on the subject. Until more insight is provided through additional research, use of 

strain softening data as measured in the DSS at large strains in design may lead to 

overly conservative prediction of actual in situ strength. 
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Figure 8.1: Results of CK0 UDSS Test on OCR = 1 BBC With 0'' vc = 290 
kPa: (a) Shear Stress-Strain and Pore Pressure-Strain Curves; (b) Stress 
Path (after Ahmed, 1990). 
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Figure 8.2: Results of CK0 UDSS Tests on OCR= 7.8 BBC With r.l VII = 290 
kPa: (a) Shear Stress-Strain and Pore Pressure-Strain Curves; {b) Stress 
Path (after Ahmed, 1990). 
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CHAPTER9 

SUMMARY AND CONCLUSIONS 

The direct simple shear apparatus was developed to provide a soil testing 

device which can evaluate the stress-strain behavior of soils under simple shear strain 

conditions. It has the unique ability to test soil specimens wherein the major principal 

stress is free to rotate during shear while the specimen is kept in a condition of plane 

strain. Direct simple shear devices cannot, however, impose complementary shear 

stresses to the sides of a specimen (Figure 2.1) and as a result, a condition of 

nonuniform stress and strain occur within the specimen. This initially lead to 

considerable criticism of the device to the point of questioning its usefulness as an 

apparatus for evaluating the behavior of soils. However, in addition to theoretical 

analyses, several experimental programs have shown quite convincingly that for plastic 

soils the degree of uniformity of stress and strain in the device is acceptable up to the 

peak shear resistance (Figures 2.5 to 2. 7). 

In the commonly used Geonor DSS, only the vertical effective stress ( cr' v) and 

the shear stress ( 111) on a horizontal plane are known. This is not enough information 

to determine Mohr's circle of stress and, therefore, at the peak horizontal shear 

resistance the undrained maximum shear stress, qr = 0.5( 0'1 - O'a), of the soil cannot be 

calculated. Seven failure criteria have been proposed to estimate Mohr's circle of stress 

at failure for specimens tested in the Geonor DSS (Figures 3.3, 3.4, 3. 7, 3.8, 3.10, 3.13 

3.16 and Table 3.1). Each criterion makes an assumption that enables one to 

determine the origin of planes ( Op) and the size of Mohr's circle at failure, and hence 

the state of stress. The basic problem, however, is that there is still insufficient 

evidence to indicate which of the proposed failure criteria are correct. While a 

considerable amount of interesting data has been obtained from the specially 

instrumented Cambridge simple shear devices where the complete state of stress can be 

computed, the data have not conclusively indicated which failure criteria are the most 

appropriate. In spite of the lack of sufficient information, the material presented in 

Chapter 3 does allow the following statements to be made with respect to the state of 

stress at ( 'Th)•ax for CK0 UDSS tests on normally consolidated cohesive soils: 

1 The direction of the applied principal stresses changes during shear. 
While 60'1 may start out at 45° to the horizontal (i.e., state of pure 
shear), this angle probably decreases with increasing strain such that the 
pure shear assumption is not realistic at failure. It predicts the least 
amount of rotation of the principal axes and a value of 4>' which is much 
too high (Ladd and Edgers 1972). 
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2. Assuming a horizontal failure surface, which predicts the maximum 
amount of rotation of the principal axes, is also not realistic. This 
assumption produces a value of ¢' which is unreasonably low {Ladd and 
Edgers 1972). 

3. The assumption that the applied stress system is one of pure shear is 
reasonable when computing values of undrained Young's modulus Eu a.t 
low shear strains (Ladd and Edgers 1972). 

4. The vertical effective stress ratio (j' v/ (j, vc at ( 1b)max lies within a narrow 
band based on data from over 30 different soils ( (jv'/ (j'vc = 0.598 2: 

0.051SD for n = 100; Table 7.1d). As a result there is a strong 
correlation between 1/J (= arctan(Th/(j'v)) and (Th/(J''vc)max (Figure 3.12); 

5. Assuming the failure plane is vertical {V) compares well with 
experimental results for values of the undrained strength ratio 
( Th/ (j'vc)max less than 0.22, which represents approximately 50% of the 
test data tabulated in Table 7.1 (Figure 3.12). 

6. The undrained shear strength based on ( 1b)max probably lies between qr 
and rrr = qrcos¢' (Ladd and Edgers, 1972); 

Some researchers have used specially instrumented wire-reinforced membranes 

to measure the radial stress ( a'r) of a specimen in the Geonor DSS. Experimental 

evidence indicates that the special membranes can be used successfully to evaluate the 

coefficient of earth pressure at rest (K0 ) of a specimen during virgin consolidation and 

subsequent rebound. They also have been used to "evaluate" the state of stress within 

a specimen during shear by assuming that the measured radial stress is equal to the 

horizontal stress acting on a plane perpendicular to the plane of shear deformation 

(Figure 4.1). However, some experimental results have shown that for sand, the 

measured radial stress is equal to neither the horizontal stress acting on a plane 

perpendicular to the plane of shear deformation nor the intermediate principal stress, 

thus questioning the validity of this procedure (Figure 4.2). 

Dyvik, et al. (1987) and Airey and Wood (1987) have recently provided 

experimental evidence which confirms the validity of conducting undrained tests by 

maintaining the volume of the specimen constant during shear. More specifically, 

Dyvik, et al. found that for tests on a normally consolidated clay, the assumption that 

the change in applied vertical stress required to maintain the volume constant is equal 

to the pore pressure which would have developed in a truly undrained test is valid 

(Figure 5.2). 

Every normally consolidated soil tested at MIT in the Geonor DSS has 

exhibited strain softening behavior (Figure 8.3). Two strain softening indices were 

investigated to see if there is a.ny correlation between the post peak stress-strain 
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behavior and soil type (Figure 8.5). For the indices chosen the degree of strain 

softening of the different soils does not appear to be related to their plasticity and 

liquidity indices (Figures 8.6, 8.7. 8.9 and 8.10). 

The direct simple shear tests performed on a rubber specimen clearly reflected 

the nonuniform state of stress which develops in simple shear specimens. For this 

elastic material, gaps developed at the upper leading edge and lower trailing edge of 

the specimen during constant volume shear (Figure 8.11). These gaps caused a change 

in the vertical stress required to maintain the specimen height constant during shear 

(Figure 8.14). Under ideal simple shear conditions this would not occur for an elastic 

incompressible material such as the rubber specimen. 

The results of three cyclic tests performed on cohesive specimens at the 

conventional undrained shear rate of strain (d-;/dt = 5%/hour) displayed some 

interesting characteristics as the specimens strained towards and past the neutral axis 

of the device during the first reversal stage of the applied shear stress (these specimens 

were allowed to strain well beyond their peak shear resistance before the shear stress 

was reversed). In all three tests, the vertical stress and shear resistance reached a peak 

value during the reversal stage when the specimen was almost exactly at the neutral 

axis of the device (Figures 8.16 and 8.17). Furthermore, the vertical stress and shear 

resistance values during the reversal stage were symmetric about the neutral axis. The 

fact that three DSS tests on two different soils at three different OCR's exhibit this 

type of behavior is more than coincidental. Symmetry of the normalized vertical stress 

about the neutral axis of the device for all of the three different test conditions (Figure 

8.18) strongly indicates behavior that is not exclusively dependent on the type of soil 

and stress conditions, but rather also on the DSS apparatus itself. 

Results presented in Chapter 8 from consolidated-undrained direct simple 

shear tests on an elastic specimen and two cohesive soils clearly indicate that the 

nonuniformity of stresses imposed by the device results in measured stress-strain 

behavior during DSS tests that is not exclusively dependent on the soil type and 

overconsolidation ratio. During constant volume shear, the nonuniform stress 

conditions causes a device induced increase in the vertical stress and hence increase in 

the measured shear resistance as a specimen strains towards the neutral axis of the 

device. The opposite occurs when a specimen strains away from the neutral axis 

resulting in a decrease in vertical stress and corresponding decrease in the measured 

shear resistance. Based on these results it is hypothesized that while the measured 

shear resistance of a specimen is primarily due to the simple shear response of the 

specimen, there is also a component which is induced by the de'\ice (Figure 8.19). 
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hypothesis predicts a. potentially large error in the measured strain softening behavior 

of a. soil but does not predict a. significant difference between the "true" and measured 

peak horizontal shear resistance. 

In spite of some of its problems the Geonor DSS offers important practical 

advantages compared with other shear devices for design problems involving clays. 

Experience obtained over 20 years of DSS testing performed in conjunction with design 

problems involving construction of embankments, tanks, etc., suggests that DSS 

testing offers the following advantages: 

1. During consolidation, prior to shear, one easily obtains the same 
compression curve and coefficient of consolidation data. as gained from 
conventional incremental oedometer tests on soft cohesive soils (La.dd, 
1981 ); 

2. The measured values of maximum horizontal shear stress ( 1'h max.) give a. 
fairly reliable estimate of the undrained shear strength ( cu) appropriate 
for undrained stability and bearing capacity analysis for non-varved 
sedimentary soils, for example, Figures 7.10 and 7.11; 

3. The measured value of undrained Young's modulus (Eu) gives a. good 
indication of potential in situ displacements due to undrained shear 
deformations (Figure 7.9; Ladd, 1981; Ladd, et al., 1977); 

4. DSS tests a.re easy to run and less liable to experimental problems and, 
most important for testing expensive Arctic and other offshore deposits, 
uses little soil compared to triaxial testing and other shear devices. 

Since its inception in the 1960's, some of the doubts associated with the 

Geonor DSS have been resolved. The device has proven itself to be a. practical 

apparatus which provides valuable information for design purposes, particularly in 

applications for which its horizontal failure mode is well suited. The major limitation 

of the device is that it cannot provide a reliable effective stress failure envelope ( c' and 

¢/) or Skempton 's pore pressure parameter A. There are also several other 

uncertainties which still need to be resolved. Some of the more important ones 

include: determining a suitable failure criterion for evaluating the state of stress at 

failure; determining the degree to which the measured strain softening behavior is 

influenced by the device; and determining if rupture surfaces develop in all simple 

shear tests on natural soils as proposed by Airey and Wood (1987). 
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APPENDIX A 

GEONOR DIRECT SIMPLE SHEAR APPARATUS 

The Geonor Model 4 Direct Simple Shear {DSS) apparatus has been used 

extensively for direct simple shear research and testing at MIT. The Geonor Model 4 

is similar to the original apparatus developed at the Norwegian Geotechnical Institute 

as described by Bjerrum and Landva (1966). This appendix describes the Geonor DSS 

and testing procedures used at MIT. 

A.l DESCRIPTION 

Figure A.1 and A.2 schematically show the original Geonor Model 4 DSS 

device. The original device was designed for testing specimens with an area of 50 em 2• 

This, however, is incompatible with the diameter of sampling tubes typically used in 

North America {3" diameter or 45 cm 2) hence a 35 cm2 specimen with an approximate 

height of 2.3 em is used at MIT. The specimen is confined by a circular 

wire-reinforced rubber membrane between a top cap and the bottom pedestal. Both 

the top cap and bottom pedestal contain porous stones allowing drainage to take place 

in both directions. The stones also provide the frictional interface for transferring the 

horizontal shear force during testing to the specimen. The specimen is surrounded by a 

plexiglas water bath. 

A.l.l Consolidation and Undrained Shear 

Increments of vertical stress are applied to the specimen using dead weights 

loaded onto a lever arm acting on the specimen. The lever arm ratio is approximately 

1:10 and the vertical load is measured with a proving ring and a linear variable 

differential transformer {L VDT). The L VDT measures the deflection of the proving 

ring under load thus allowing readings to be taken by a data acquisition system {the 

proving ring/L VDT assembly has recently been replaced with a load cell). Vertical 

displacements are measured using a dial gauge/LVDT assembly which is connected to 

the top loading platen adjacent to the specimen. The L VDT is connected to the dial 

gauge so that vertical displacement readings can also be made with the data 

acquisition system. The increments of vertical stress are normally applied during 

consolidation (i.e., drained conditions) and the consolidation is under K0 conditions 

because of the confining reinforced rubber membrane. The apparatus can also be used 



to run special a.nisotropically consolidated ( CA U) tests - the procedure is described in 

more detail in section A.2.2. 

The specimen is sheared by application of a horizontal force to the top cap (i.e., 

the top of the specimen moves relative to the bottom in a simple shear strain mode). 

The force is applied by an AC motor and gear box and is usually applied at a constant 

rate of strain, although stress control testing is possible. The horizontal force is 

measured by a proving ring which also has a LVDT connected to it (like the vertical 

stress proving ring, this has also been replaced with a load cell). The proving ring has 

some compliance and therefore the strain rate is not truly constant particularly at the 

beginning of a test. The horizontal displacement of the specimen top relative to its 

fixed bottom is measured using a LVDT or a proximity transducer. 

Shearing can be performed under drained or undrained conditions. Drained 

tests are performed by deforming the specimen under constant vertical stress at a 

strain rate which is sufficiently slow to allow dissipation of excess pore pressure. 

Undrained shear is conducted by maintaining the volume of the specimen constant 

during shear. The specimen is assumed to be laterally confined by the rubber 

membrane and therefore, only the height needs to be kept constant to run a constant 

volume test. The specimen height is kept constant by varying the vertical stress acting 

on it. Changes in vertical stress required to keep the height constant are assumed to 

be equal to the pore pressure that would develop if the test was truly undrained with 

pore pressure measurements. Dyvik, et al. ( 1987) showed that for normally 

consolidated clay this assumption is valid. 

The specimen height is maintained constant during undrained shear in the 

Geonor DSS using a servo control system consisting of a L VDT, a controller box and 

an Electrocraft analog motor. The L VDT is placed adjacent to the specimen and 

monitors movements in the top loading platen which is connected to the specimen top 

cap. The control box compares the L VDT reading to a reference voltage and sends the 

difference (i.e., voltage error) through an amplifier to the Electrocraft motor driver. 

The motor driver turns the motor at a rate which is proportional to the voltage error. 

The motor in turn drives a worm-screw mechanism that is connected to the lever arm 

which applies the vertical load to the specimen. Hence, the vertical load acting on the 

specimen can be automatically changed in response to changes in the specimen height. 

This is a closed loop analog feedback system and is shown schematically in Figure A.3. 

The system does not correct for the apparatus compressibility during shear. This can 

be done manually by gradually adjusting the reference voltage of the constant height 

L v'TIT according to the vertical stress acting on the specimen and the load deflection 
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curve (i.e., apparatus compressibility) of the device. However, this is not typically 

done as a. standard procedure. More detail on this and other techniques for conducting 

DSS constant volume shear is given in DeGroot, et al. (1991a). 

A.l.2 Data Acauisition 

Transducer readings during consolidation and shear are recorded by MIT's 

central data acquisition system. The latest version of this system (installed August 

1988) consists of an NEC APCIV Power Mate 1 personal computer1 and Hewlett 

Packard # 3497 A data acquisition control unit. All readings are triggered and ta.ken 

by the central data acquisition's main software program and are subsequently 

transferred to floppy disks for reduction and plotting. 

A.2 CORRECTIONS 

Corrections are made to the measured data. for apparatus compressibility during 

consolidation and for piston friction and membrane resistance during undrained shear. 

The following is a. summary of the corrections made for tests run in the Geonor DSS: 

A.2.1 Apparatus Compressibility 

The compressibility of the vertical loading system is measured using a steel disc 

in place of a soil specimen. The system is subjected to several load-unload cycles to 

get repeatable measurements for the load versus deflection relation for the device. 

Most of the apparatus compressibility is due to the compliance of the porous stones 

and in fact, if they are warped, their compressibility can be large. Hence, the porous 

stones are routinely checked to ensure that they are as flat as possible. 

Using the measured load deflection relationship of the apparatus a.ll 

consolidation displacements are corrected for the apparatus compressibility as the data 

are being reduced for each consolidation increment. 

A.2.2 Friction and Membrane Resistance 

During undrained shear the horizontal loading system has frictional resistance 

due to the main bearing plates and the horizontal loading piston linear bearings and 

also horizontal resistance due to the membrane. Measurement of these resistances are 

made using several large steel ball bearings in place of a specimen. The membrane is 

installed with the top cap and bottom pedestal with three 3/ 4" diameter steel balls in 

the middle. The balls were subjected to a small seating load to keep the system intact. 

The steel balls have a minimal rolling friction and thus the frictional and membrane 

tThe NEC Power ?.fate 1 is an IBrvf PC/ AT compatible. 
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resistance are measured by applying a horiwntal load and measuring the resistance. 

The resistance versus displacement curves typically display an initial intercept at zero 

displacement and a linear slope of resistance versus displacement. The results suggest 

that the resistance contains an initial frictional component and the linearly increasing 

resistance with displacement due to the membrane. 

For CK0 UDSS tests, the measured horiwntal resistance of a specimen during 

undrained shear is corrected for the frictional and membrane resistance using the 

following equation: 

MC(ksc) = 0.004 + 0.00075( 1 in percent) 

where: 

M C = shear resistance correction (ksc) 

(A.1) 

The first part of the right hand side of Equation A.l represents the frictional 

component and the second part of the equation represents the membrane resistance. 

For anisotropically consolidated tests run in the Geonor, two corrections are 

made - one at the end of consolidation and one during undrained shear: 

(1) Correction of Horizontal Consolidation Shear Stress 

The actual horizontal shear stress The acting on the specimen at the end of 

anisotropic consolidation is computed using the following equation: 

( nc)cor = ( Thc)nom- 0.004- 0.00075( Icon) (A.2) 
where: 

( Thc)cor = corrected horizontal shear stress at end of consolidation (ksc) 

( Thc)noaa = applied horizontal shear stress at end of consolidation (ksc) 

0.004 = horizontal loading system friction (ksc) 

Icon = % shear strain at end of consolidation 

(2) Correction tor During Undrained Shear 

The total shear resistance of the specimen during undrained shear is computed 

using the following equation: 

Tt = ( Thc)nom( cosO) + HLC -D.004 -D.0394X8 (A.3) 
where: 

0 = test angle theta (equal to either oo or 180°) 

HLC = horizontal shear stress proving ring or load cell reading 

X8 =X coordinate of specimen w.r.t. neutral axis of the device (em) 
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A.3 TESTING PROCEDURES 

This section describes the testing procedures used for cohesive soils in the 

Geonor DSS. All specimens tested come from either undisturbed thin walled sampling 

tubes (e.g, Shelby tube) or from batches of resedimented Boston Blue Clay (BBC). 

A.3.1 Specimen Preparation and Set-Up 

Specimens of resedimented BBC are unwrapped from their protective wax and 

aluminum coating and trimmed in MIT's humid room. Three or four water contents of 

approximately 15 g each are cut from the corners of the specimen. Specimens from 

tube samples are carefully extruded and cut from the sampling tube. Water contents 

are typically taken from soil located just below and above the specimen in the tube. 

Once preliminary trimming of a specimen is complete, it is then carefully placed on the 

bottom pedestal and into the Geonor trimming jig. The edges of the specimen are 

trimmed using the Geonor cutting shoe which cuts the specimen into a circular shape 

of 35 cm2. The cutting shoe also allows the top and bottom of the specimen to be 

smoothly trimmed with a wire saw to an approximate height of 2.3 em. The specimen 

is then transferred to the testing laboratory where a vacuum pump is used to place the 

wire-reinforced membrane around it. Before the vacuum is released, the top cap is 

placed on the specimen. Once this is complete the specimen height is measured with a 

micrometer. The specimen is then placed in the apparatus below the vertical loading 

platen and secured in place. The vertical and horizontal L VDT's are adjusted and a 

seating load is applied to the specimen. At this stage the LVDT zero readings are 

taken. 

A.3.2 Consolidation 

Specimens in the Geonor DSS are typically consolidated under K0 conditions. 

The device does however have the additional capability of conducting anisotropically 

consolidated tests where a horizontal shear force is applied to the specimen during 

consolidation. This force always acts in the same direction whereas the motor used for 

shearing the specimen can either push or pull the specimen. Hence, the anisotropic 

consolidation force can act in the same direction as the undrained shear force ( 0 degree 

test) or act in the opposite direction (180 degree test). 

(a) K0 Consolidation: 

Vertical consolidation increments are applied to the specimen through 

application of dead weights on the vertical loading system lever arm. The 

deformation-time data are recorded by the data acquisition system and can be 

simultaneously plotted for consolidation analysis. Consolidation increments are left on 
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the specimen usually between the end of primary and 24 hrs. {end of primary is 

determined from plots of deformation versus log time). The final consolidation 

increment is left on for 24 hrs. Before application of the final consolidation increment, 

the pins which hold the vertical loading platens in place are removed and the top cap is 

horizontally locked in place {this allows the top of the specimen to displace relative to 

the bottom during shear). 

(b) CAU Consolidation: 

Anisotropic consolidation is performed using dead weights attached to a hanger 

which acts on the horizontal loading yoke {see Figure A.l). The specimen is placed in 

the device like K 0 consolidated specimens and is subjected to a few increments of 

vertical stress. The pins holding the top platens in place are then removed and the 

horizontal shear force is applied to the specimen using dead weights placed on the 

hanger. The pre-undrained shear loading of either a 0 degree or a 180 degree test is 

the same and consists of the following steps: 

• disconnect horizontal shear force proving ring; 

• place specimen in device and apply first few increments of vertical stress; 

• remove pins from top loading platen and tighten horizontal locking bolts 
around the specimen top cap; 

• apply increments of vertical stress ( (J' vc) and horizontal shear stress ( r 1) to 
specimen according to planned schedule; 

• leave last consolidation increment on specimen for 24 hrs; 

• reattach horizontal shear force proving ring and prepare specimen for 
undrained shear. 

The data acquisition system records all the appropriate transducers so that the 

consolidation data can be reduced to get the time-stress-strain results for each 

increment (i.e., Ev and 1 versus time for each (J' vc and r 1 increment). 

A.3.3 Undrained Shear 

Once the specimen has been consolidated then the undrained shear phase is 

ready to begin. The constant height LVDT is placed in its position adjacent to the 

specimen and the control box is turned on and allowed to warm up for approximately 1 

hour. The vertical loading lever arm is pinned in place so that the dead weights can be 

removed. The Electrocraft motor is connected to the worm-gear which controls the 

force acting through the lever arm thus allowing the vertical stress to be changed in 



response to changes in the specimen height. Finally, the motor is turned on and the 

specimen is sheared at a constant rate of strain of approximately 5% per hour. 

For the CAU consolidated tests the same set-up procedure is used except that 

the horizontal consolidation shear force is left acting on the specimen during shear (the 

horizontal proving is disconnected before anisotropic consolidation and is reconnected 

prior to undrained shear). For the 0 degree test, the analog motor shears the specimen 

in the same direction as the horizontal consolidation shear force acts and conversely 

the motor shears in the opp<)site direction of the horizontal consolidation shear force 

for the 180 degree test (the analog motor can either push or pull the specimen). 

The data acquisition system is used to take readings of all the transducer 

channels typically every one to four minutes. 

A.3.4 End of Test 
At the end of undrained shear, the specimen is manually brought back to its 

preshear configuration (i.e., X coordinate ~ 0) and allowed to sit overnight under just a 

vertical stress seating load. The following day the specimen is removed from the 

device and a final water content is taken. 
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Figure A.l: Geonor rdodel 4 Direct Simple Shear Device ( Geonor DSS 
Manual). 
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Figure A.2: Sample Loading Assembly ( Geonor DSS Manual). 
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Figure A.3: Schematic of Geonor DSS Constant Height Control ServoSystem 
Used at MIT (from DeGroot, et al., 1991a). 


