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Abstract:  Evaluation of the soil response is required to estimate the potential building damage 
caused by excavations. Using proper soil parameters is a key ingredient when computing soil 
responses, assuming the model represents the actual soil response in a reasonable way. Soil parameters 
are usually identified from laboratory experiments performed on tube samples or from in situ tests, but 
large uncertainties are associated with these methods for most projects. Inverse analysis is a 
quantitative technique that allows one to select parameters to fit the responses of soil from both 
laboratory tests and field observations. The technique is applied to results of both the laboratory 
experiments on block and thin-walled tube samples and the field performance data, all of which were 
collected from an excavation made through Chicago clays. The results of computed soil responses 
based on the hardening soil (HS) model and the hardening soil with small strain (HSS) model found in 
the computer code Plaxis are compared to illustrate the problems that are likely to be encountered in 
practical application of finite element simulations. Guidance is provided for selecting the parameters 
from laboratory tests to compute the field responses for braced excavation loadings.  
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INTRODUCTOIN 

Many projects in geotechnical practice require a relatively accurate computation of ground 
deformations. For example, ground deformations are required when evaluating the damage potential 
arising from construction-induced deformations of structures and utilities surrounding deep supported 
excavations. It is generally recognised that the modelling of soil behaviour at small strain levels is 
required to estimate the excavation-induced ground settlement adjacent to excavations [1-5]. In many 
urban areas, buildings adjacent to excavations are supported by deep foundations. To estimate the 
potential damage to these foundations, it is also important to estimate soil movements below the ground 
surface. Considering the complex conditions around excavations, the finite element method (FEM) is 
commonly used to compute wall deflections and the distribution of ground movements. The use of an 
appropriate soil model and attendant parameters are the key ingredients for computing soil responses in 
these situations. Laboratory experiments are commonly used to select the soil parameters for design, 
but they are affected by sample quality and details of experiments, especially when the strain is small. 
Because of these inherent uncertainties, it is useful to understand the relationship between parameters 
based on both laboratory experiments and field observations. 

The soil around an excavation is subjected to a variety of stress paths [6-8]. In general, the soil in 
front of a retaining wall is subjected to extension, whereas the soil behind a retaining wall is subjected 
to reduced compression. While it is the goal of a well-formulated constitutive model to represent the 
soil behaviour for all loading paths, this is rarely realised in practice. For a given soil model, the 
parameters based on laboratory experiments for these paths may differ, and these in turn may differ 
from those found from the best fit of various aspects of field performance data. Thus, it is useful to 
evaluate the difference in soil parameters based on these types of data, particularly in terms of models 
commonly used in practice. However, the inverse analysis is currently only used to calibrate the soil 
parameters of a soil model that did not consider the small strain behaviour based on field performance 
data. 

In this paper inverse analysis is used to identify soil parameters for the hardening soil (HS) model 
and the hardening soil with small strain (HSS) model based on triaxial test results on specimens cut 
from thin-walled tube and block samples and on field performance data from the excavation at the 
Block 37 project in Chicago, IL, USA. The Block 37 project was a top-down construction project 
completed in an urban environment. The excavation commenced in 2007 and was completed in 2008. 
The models were chosen because they are found in a commonly used commercial finite element code 
and represent current practice in many areas. The relationship between the soil stiffness obtained from 
laboratory experiments and field observations is discussed in light of the different stress paths and 
strain levels aimed at defining the triaxial stress test most suited to calibrate the soil parameters that are 
most relevant to the simulation of an excavation system while considering the small strain behaviour of 
the soil. 
 
PROCEDURE 
 
Inverse Analysis 
  

Inverse analysis techniques have been applied to geotechnical engineering problems and found to 
be useful for quantifying parameters and updating performance computations [9-11]. Herein, inverse 
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analyses were used to find proper stiffness parameters for the HSS and HS models based on both 
triaxial test data and lateral movements measured during excavation. The inverse analysis based on a 
gradient method was conducted by coupling the optimisation toolbox in the mathematical code Matlab 
with the finite element code Plaxis 9.0. Because Plaxis is a closed program, we can only input and 
output the data through the interface of the program. A macro program was written to read the 
calibration results from Matlab, which were then written into Plaxis through the interface of Plaxis. 
Next, the analysis results of the Plaxis program, which were subsequently written into Matlab, were 
also read by the macro program through the interface of Plaxis. The method used to find the best fit 
between the computed and observed values is defined by a weighted least-square objective function, 
F(b): 

       byyωbyyb ''  TF                          (1) 
where b is a vector containing values of the number of parameters to be estimated, y is the vector of the 
observations being matched by the regression, )(' by is the vector of the computed values that 
correspond to the observations and ω  is the weight matrix. As Calvello [11] described, the weighting 
is used to reduce the influence of observations that are less reliable and increase the influence of 
observations that are more reliable. In this work a diagonal weight matrix is used. The weight of every 

observation, ii , is equal to the inverse of its error variance 2

1

i
ii 

  . When analysing the triaxial test 

results, the standard deviation, σi, is 

96.1
i

i
                     (2) 

where i  is the measurement error of the observations (stress, pore pressure and volumetric strain) in 
the laboratory tests. In the excavation analysis using inclinometer data as observations, ii d0001.0 , 
where di is the distance from the bottom of the inclinometer casing.  
     The objective function values F(b) quantitatively describe how well the computed results based 
on the optimised parameters fit the test results. A lower F(b) value indicates a better fit.  
 
Soil Model  

 
The behaviour of the HSS model is determined by 13 parameters:  (friction angle), c (cohesion), 

Rf (failure ratio),  (dilatancy angle), vur (Poisson’s ratio), K0 (static earth pressure coefficient at rest), 
OCR (over-consolidation ratio), ref

50E  (secant stiffness in standard drained triaxial test), ref
oedE  (tangent 

stiffness for primary odometer loading), ref
urE  (unloading-reloading stiffness), m (power for 

stress-level dependency of stiffness), ref
0G  (reference shear modulus at very small strains) and 7.0γ  

(shear strain at which the secant shear modulus is equal to 0.772G0). The details of the parameters and 
model formulation are described by Schanz et al.[12] and Benz et al. [13]. Note that ref

0G  and 7.0γ  
are added to define the small strain behaviour [13] and other eleven parameters are the same as those 
used to define the behaviour according to the HS model [12]. 

Of the 13 parameters, , c and Rf are the Mohr-Coulomb failure criteria parameters [12, 14]. The 
stiffness of the soil is determined in the HSS model by ref

50E , ref
oedE , ref

urE , m, ref
0G  and 7.0γ . ref

oedE  
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and ref
urE  are computed as 0.7 and 3 times ref

50E  respectively. The dilatancy angle,   is individually 
defined in the HS and HSS models. Although the dilatancy angle is usually zero for normal to lightly 
over-consolidated soil, it is optimised herein as a check. ref

0G  can be computed as follows: 
m

ref
ref


















sinpcosc
sin'coscGG 3

00                                     (3) 

where 3'  is the horizontal effective stress, refp  is the reference stress and G0 is shear modulus at 
very small strains that can be computed by: 

2
0 ρvG                                                     (4) 

where  is the density of the soil and v is shear wave propagation velocity through soil medium. This 
velocity can be evaluated from bender element tests in the laboratory. A bender element consists of two 
piezoceramic plates bonded together in parallel with a brass electrode plate in between. They are 
typically mounted on the base and top of the soil specimen as miniature cantilever beams. When 
excited by an input voltage, the source bender element bends, emitting a shear wave which travels 
through the soil specimen at shear wave velocity. The wave motion causes the receiver element to 
mechanically vibrate, which results in a voltage signal that is captured by a high-speed digital 
acquisition system. The shear wave velocity is calculated by determining the travel time of the shear 
wave between the tips of the source and receiver elements. In the field this velocity can be obtained by 
performing seismic cone penetration test (SCPT) that is equipped with a velocity geophone to measure 
shear wave propagation velocity. Both the bender element tests and SCPT were conducted to evaluate 
the shear wave propagation velocity at the site. The details of the tests were described by Kim [15]. 

One cannot use the inverse analysis to simultaneously compute the soil responses by optimising all 
13 parameters. Thus, it is necessary to judiciously select the parameters to be optimised. As Calvello 
and Finno [16] showed for the HS model, the failure parameter, , and the stiffness parameters, m and 

ref
50E , have the most impact on the computed values of lateral deformations measured close to a support 

wall of an excavation, based on the values of composite-scaled sensitivity. They also noted that m and 
ref
50E  are highly correlated parameters, and because one cannot simultaneously optimise parameters 

that have high correlation, ref
50E  was selected for optimisation because it is directly proportional to the 

soil stiffness. Details can be found in the work of Calvello and Finno [16]. Because this paper considers 
an excavation with relatively small deformations, which is a very practical application, the failure 
parameters were not optimised in the inverse analysis presented herein. 

As seen in Figure 1, the shear wave velocities based on bender element tests on block samples 
reconsolidated against the in situ vertical effective stress with a 36-hour period of drained creep agree 
reasonably well with the shear wave velocities measured in the field using SCPT. (Detailed results of 
the tests can be found in Kim’s work [15].) As such, ref

0G is relatively well-defined in the laboratory and 
in situ for these clays and can be used to represent the maximum stiffness of the soil. Herein, the value 
of ref

0G  calculated from the bender element test results was used in the inverse analysis. Thus, three 

individual parameters, ref
50E , and 7.0γ , were chosen for optimisation based on the triaxial test results. 

The remaining parameters were set to reasonable values based on site-specific data and parameters 
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obtained from the inverse analysis of the Chicago State excavation project [11]. 

 

 

 
Figure 1.  Measured shear wave velocity based on SCPT and bender element tests 

 
CASE STUDY 

Block 37 Project 

The case study analysed herein is the Block 37 project located in downtown Chicago [17]. The 
excavation was approximately 110 m long and 110 m wide and was made through compressible 
soft-to-medium-stiff glacial clay to a depth of 15 m using a partial top-down construction technique. An 
existing freight tunnel was approximately 3 m away from the excavation near the retaining wall. A 
reinforced concrete-slurry wall and four concrete slabs were installed to laterally support the 
excavation.  

The subsurface soil profile of Block 37 is shown in Figure 2. The geology and typical geotechnical 
characteristics of these deposits were presented by Finno and Chung [18]. The groundwater level was 
at a depth of 4 m below ground surface. The interior of the excavation was potholed to remove the old 
shallow foundations and then refilled prior to excavation. Inclinometers were installed around the 
perimeter to record the slurry wall and the soil movements behind the wall, as shown in Figure 3.  
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Figure 2.  Soil profile of Block 37             Figure 3.  Inclinometer locations around Block 37 
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Triaxial Testing Program 
 

Thin-walled, 71-mm-diameter tube samples and hand-cut block samples were obtained from the 
compressible glacial deposits at the site at the depths shown in Figure 2. Triaxial experiments were 
conducted at Northwestern University using specimens cut from the tube samples and block samples. 
Complete details of the experimental program can be found in the work of Kim [15]. The specimens 
were K0-consolidated to in situ stresses and then subjected to an approximately 36-hr drained creep 
period under constant effective stress until the axial strain was less than 0.001%/hr. Thereafter, the 
specimens were sheared along one of the stress paths in Figure 4, which shows a plot of the mean 
effective stress, p', against the deviator stress, q, with p' and q defined as: 

 /3'2σ'p' ra                                    (5) 
      ra σ'σ'q                                         (6) 

where a'  is the effective axial stress and r'  is the effective radial stress. From Figure 4, undrained 
TC and RTE tests were conducted on both the specimens from tube samples and those cut from blocks, 
while drained CMS, CMSE and CQU tests were conducted on specimens cut from blocks. 
 

 

 

 
Figure 4.  Stress probing paths of laboratorial triaxial tests   

 
The internal deformations were measured using a pair of subminiature linear variable differential 

transformers mounted on the side of the specimen with a spring-loaded caliper placed around the centre 
of the specimen. The internal measurement system could resolve as small as 0.002% of axial strains, 
which is approximately the lower limit of small strain behaviour, as defined by Atkinson et al. [19]. 
Bender elements were incorporated into the system to allow the determination of 0G , as noted 
previously.  

Figure 5 summarises the stress-strain responses obtained from the triaxial tests of samples from all 
three strata. These results form the basis of the laboratory observations used to quantitatively optimise 
the soil parameters. Both drained and undrained results are shown. The specimens were cut from 
blocks obtained in the softer Blodgett and Deerfield strata. Thin-walled tube samples were obtained 
from all three strata. The data plotted at this scale illustrate that the block specimens yielded stiffer and 
stronger responses than that of the tube specimens.  
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(a)                            (b)                             (c) 
 

Figure 5.  Results of triaxial tests: (a) Blodgett; (b) Deerfield; (c) Park Ridge  
 
Observed Lateral Deformation Adjacent to Block 37 Excavation 
 

The excavation process at Block 37 project was divided into five stages, as summarised in Table 1. 
The data from an inclinometer located 1 m behind the wall were typical of the responses during the 
excavation and were used as observations for the inverse analysis. This inclinometer was located near 
the centre of the north wall of the excavation where essentially no end restraints existed. Hence the 
behaviour at this location was plane strain and was simulated as such. Figure 6 shows the lateral ground 
deformations that developed immediately behind the wall during the excavation. As seen from the 
results, it is important to consider potholing in the simulation of the excavation because as much as 10 
mm of wall deformation was induced by the potholing and refilling. Most of the subsequent 
deformations occurred during the first stage, when a 6.2-m cut was made prior to the placing of any 
lateral support. 

 

 

Figure 6.  Measured lateral deformations of the soil 1 m behind the wall 
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Table 1.  FEM simulation phases and activations of Block 37 
  

Stage Phase Activation 

0 

1 Freight tunnel installation 
2 Consolidation 
3 Wall installation 
4 Resetting displacements 
5 Potholing 
6 Refilling 

1 7 Dewatering and excavating to 6.2 m 
8 B1 slab installation 

2 9 Dewatering and excavating to 9.8 m 
10 B2 slab installation 

3 11 Dewatering and excavating to 12.2 m 
12 B3 slab installation 

4 13 Dewatering and excavating to 15 m 
14 B4 slab installation 

 
The lateral support was provided by reinforced concrete slabs which were attached to the wall with 

a moment-resisting connection. Thus, the slabs might pull the wall into the excavation after they were 
poured due to shrinkage or creep of the concrete since these slabs were firmly connected to the wall as 
soon as they were placed. Consequently, the deformation recorded at stage 1 was more likely to 
represent that which was induced by the excavation than those at the other stages since shrinkage or 
creep of the concrete was likely to induce additional deformations during the excavation process.  
 
CALIBRATION OF SOIL MODEL 
 
Inverse Analysis of Triaxial Data 

 
To optimise the parameters for the triaxial test results, the principal stress differences and excess 

pore water pressures versus the axial strain were selected as observations for the undrained tests, while 
the principal stress differences and volumetric strain versus the axial strain were chosen as observations 
for the drained tests. The number of points that served as observations varied depending on the strain to 
failure and the model type. For the HSS model, the curves were discretised for the inverse analysis by 
considering one observation point every 0.005% of the axial strain between 0.001-0.1%, every 0.05% 
between 0.1-1%, and every 0.5% between 1% and failure strain. Only the data where axial strains were 
larger than 0.5% were used to optimise the HS parameters because the model does not have the 
capability to replicate very small strain behaviour. Because of the different numbers of data points used 
for the various tests, the computed objective function in equation (1) was normalised by the number of 
data points used in each optimisation (F'(b)) as a means to easily evaluate the relative fit.     

The values of the HS parameters used to start the optimisation were those found by Calvello [11], 
based on the field performance of a Chicago State excavation project located approximately 1 km from 
Block 37 site. In addition to these same initial parameters, G0

ref was calculated by equations (3) and (4), 
and γ0.7 was set at 0.001%.  
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To illustrate the best fits obtained from the optimisation, Figure 7 shows the computed and 
measured stress-strain responses of the undrained TC and RTE tests and the drained CMS and CMSE 
tests of the Blodgett specimens at a conventional scale. The computed results are those based on the 
optimised parameters of the HSS model for each test. Also shown next to each curve are the values of 
the normalised objective function, F'(b). The HSS model is found to be limited in its capacity to 
represent the responses of excess pore pressure in the RTE tests, given the poor fit and large F'(b) value. 
In contrast, the other results are well represented by the HSS model using the optimised parameters. 
The results of simulations for specimens from the other two strata also exhibit the same trends.  

 

        

 
   (a)                               (b) 

 
Figure 7.  Comparison of best fit responses to laboratory responses of triaxial test for Blodgett 
specimens: (a) q-a and u-a curves of undrained TC and RTE; (b) q-a and v-a curves of drained CMS 
and CMSE 

 
To better illustrate the small strain variations, Figure 8 shows the results of the same tests in Figure 

7, but they are plotted as normalised secant shear stiffness versus the log of shear strain. The shear 
strain is defined as  /3εε2 ra  , where aε  is the axial strain and rε  is the radial strain. The secant 
shear stiffness is normalised by the G0 value determined from the bender element tests performed at the 
end of consolidation and from the drained creep in each test. As indicated in Figure 8, the initial 
stiffness based on the on-specimen instrumentation from the extension tests was larger than that from 
the triaxial compression tests. The initial stiffness of the extension tests was much closer to that 
measured from the bender elements, which is consistent with the results reported in many references 
[20-22]. Kung et al. [21] and Finno and Cho [22] indicated that the smaller values in the compression 
results are likely to arise from insufficient strain accuracy of capturing the elastic behaviour of the soil. 
Note that the differences in the maximum values of Gsec/G0 between those measured from extension 
tests and compression tests using block samples were smaller than those based on the tube sample 
results. This result is a direct measure of the better sample quality obtained from the blocks when 
compared to the tube samples.  
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    (a)                           (b)                         (c) 
Figure 8.  Comparison of computed (with optimised parameters) and measured stiffness-strain 
responses at small strain level for Blodgett specimens: (a) TC and RTE (tube sample); (b) TC and RTE 
(block sample); (c) CMS and CMSE 

In the TC (block) test the soil stiffness at the small strain level was closer to that in the field than 
that based on the TC (tube) results; the value of 7.0γ  based on RTE tests for Chicago clay [15] was 
found to be in the order of 0.01% while 7.0γ  was smaller than 0.001% in the TC tests. This latter value 
could not be measured in the laboratory using the internal instrumentation used in this study. In any 
case, after optimisation, the HSS model can represent the responses reasonably well.  Table 2 summar- 

 
      Table 2.  Optimised HSS and HS parameters for triaxial tests 
 

Sample Test 
HSS model  HS model 

 )(E 50 kParef  7.0γ   bF '  2
7.0 )(γ Lab    )(E 50 kParef   bF '  

Blodgett  
Tube 

TC 1 8700 4.21E-06 40 <1.00E-6  0.2 7900 230 
RTE 10 3600 7.32E-05 1449 7.00E-5  13 3800 2102 

Blodgett 
Block 

TC 0.2 7800 1.21E-05 132 <1.00E-6  0.1 8600 423 
RTE 2.3 3600 7.56E-05 1546 7.00E-5  6 3200 1870 
CMS 0.8 5900 2.48E-05 30 <1.00E-6  0 5100 100 

CMSE 0.1 2900 3.97E-05 30 8.00E-5  1 3200 121 
CQU 1.2 4000 1.13E-04 1025 -  7 7600 46 

Deerfield 
Tube 

TC 3.4 10800 3.70E-06 41 <1.00E-6  2.5 14000 131 
RTE 0.4 3000 6.74E-05 374 8.00E-5  20 3400 2456 

Deerfield 
Block 

TC 0.1 7800 1.36E-05 142 1.00E-6  0.1 11000 170 
RTE 0.4 3400 5.82E-05 3715 1.00E-4  1 3800 4121 
CMS 0.5 5400 1.35E-05 55 3.00E-6  0 11000 111 

CMSE 0.7 3300 7.84E-05 36 1.00E-4  0.1 3200 143 
CQU 0.7 1900 2.34E-04 7271 -  - - - 

Park Ridge 
Tube 

TC 0.8 8500 5.91E-06 47 <1.00E-6  2.6 5600 67 
RTE 9 4000 7.40E-05 2582 8.00E-5  10 4300 4234 

 
       Note:  1) pref=100 kPa;  2) γ0.7 (Lab) refers to γ0.7 estimated from laboratory tests. 
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ises the values of the optimised HSS and HS parameters and the normalised objective function values 
for each of the triaxial tests. As presented in Figure 7 and Table 2, an F'(b) value smaller than 
approximately 150 indicates a reasonable fit. As illustrated with the Blodgett data, the HSS model, even 
using optimised parameters, cannot represent the soil behaviour in the RTE and CQU modes of 
shearing for any of the specimens (F'(b)>1000).   

It can be recalled that the three individual parameters, ref
50E ,  and 7.0γ , were optimised for each 

triaxial result. The values of  are usually smaller than 1, which is consistent with the Chicago clay 
being lightly overconsolidated. Exceptions include the RTE data for the Blodgett (tube sample) and the 
Park Ridge specimens. The overestimation of  in the RTE tests arises from the poor fit of the excess 
pore pressures.  

The values of ref
50E  from the TC tests are similar to Cavello’s results [11], based on drained TC 

tests. These values are approximately 2 to 3 times the value of ref
50E  determined from the extension 

tests. The reason for this apparent discrepancy is illustrated in Figure 9, which shows the computed 
stress-strain results from the simulations of the TC and RTE tests following two pre-shear stress paths, 
K0 consolidation (K0) and isotropic consolidation (I). The optimised parameters from the TC (block) 
Blodgett specimen were used for all four simulations, as shown in Figure 9. Normally, in the HS and 
HSS models, ref

50E is defined based on isotropically consolidated drained TC tests. After isotropic 

consolidation, ref
50E is used to calculate the soil responses in both I-TC and I-RTE test simulations 

because both paths are “loading” paths. One can note the same value of stiffness in both modes of shear 
for the isotropic consolidation results. In contrast, after K0 consolidation, whereas ref

50E is used to 

calculate the soil response in a K0-TC (loading) path, ref
urE is used to calculate the soil response in the 

K0-RTE (unloading) path. When optimising parameters based on the K0-RTE test results, ref
urE , defined 

as ref
503E , is really the operative stiffness because of the unloading in the test. Thus, the optimised 

ref
50E based on the analysed extension tests should be one-third of the ref

50E from the compression tests. 

The optimized ref
50E values from the extension tests presented in Table 2 generally are one-half to 

one-third of those based on the compression tests. Thus, one should not use extension tests to find the 
ref
50E values using this optimisation method. 

A comparison between the optimised and observed 7.0γ values is also presented in Table 2. The 
values of 7.0γ obtained from inverse analysis are similar to the experimental 7.0γ  values for the 
extension tests, which provided the entire modulus reduction curve. The 7.0γ  values for the TC tests 
cannot be extracted from the data in Figure 8, but those obtained from the inverse analysis suggest that 
they are smaller than 0.0001%, which, again, is too small to be measured with the internal 
instrumentation. This trend arises because the G0 parameters in the HSS model were taken from bender 
element results rather than the maximum value of shear stiffness from the internal instrumentation. 
Because the HSS model does not allow for a different value of 7.0γ  based on the direction of loading 
or, more specifically, based on recent stress history [22], this type of response was not replicated in the 
model. 
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Figure 9.  Plot of q versus aε : simulations of the TC and RTE tests using Blodgett TC (block) 
parameters in Table 2 

 
Finally, as presented in Table 2, the optimised values of ref

50E are not the same for the HS and HSS 
models. Apparently, one should use caution if the HS-based stiffness values are used directly with the 
two small strain parameters in the HSS model. 
 
Inverse Analysis of Braced Excavation 

 
Table 1 summarises the simulation phases in Plaxis defined to represent the major construction 

activities during the excavation of Block 37. Details of the simulation can be found in the work of Kern 
[17]. An interface was modelled between the wall and the soil. Freight tunnel construction (see Figure 
2) and potholing were simulated to reflect the effects of these activities on the soil stresses before 
excavation began. Unfortunately, it was difficult to simulate the potholing properly when the potholes 
were excavated in the field to unknown dimensions. Site photographs provided approximate 
dimensions of these activities along the north wall. To minimise the errors related to the potholing 
simulation and the shrinkage and creep of concrete in the floor slab that provided lateral support, the 
incremental deformation induced by excavation at stage 1 was used as observations in the inverse 
analysis to optimise the soil parameters. Herein, the incremental deformation at stage 1 minus the 
deformation measured at the potholing stage was defined as deformation at stage 1'. The inclinometer 
data obtained within the Blodgett, Deerfield and Park Ridge layers were used to optimise the 
parameters for those deposits.  

The Blodgett, Deerfield and Park Ridge layers were modelled as both HS and HSS materials, and 
the remaining strata were modelled as HS materials. The soil stiffness parameters ref

50E and 7.0γ were 

optimised in the inverse analysis of the excavation. The initial small strain parameters, 7.0γ , for each 
layer were estimated based on the inverse analysis of laboratory tests with the lowest value of F'(b). 

Figure 10 illustrates a comparison of the computed deformations and the observed deformations, 
where the former are based on the optimised HSS and HS parameters. As expected, the computed 
deformations based on the optimised parameters agree well with the measured deformations at the first 
stage. The optimised HSS and HS parameters are used to compute the wall deformations at the final ex- 
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Figure 10.  Comparison of computed and measured lateral soil deformations using optimised 

               parameters 
 

cavation stage. Figure 10 also shows that the computed wall deformations at the final excavation stage 
using optimised HSS parameters are as much as 10 mm smaller than the measured deformations above 
the bottom of the excavation. However, below the bottom of the excavation, the computed 
deformations are much more consistent with the measured ones. This discrepancy is likely to be due to 
the shrinkage and creep of the concrete slab, which was not considered in the simulation of the 
excavation [17]. The calculated wall deformation using the HS model is smaller than the measured 
deformation both below and above the bottom of the excavation because the stiffness of the soil was 
overestimated to fit the deformation at the first stage when the deformations were relatively small and 
the ground strains were very small. The advantage of using a model with small strains is clear because 
of its capabilities to allow for use of the appropriate stiffness for a wider range of strains. 

Table 3 presents the optimised parameters based on the inclinometer data from the excavation at 
stage 1'. The values of ref

50E optimised from the inclinometer data using the HSS model are close to 
those optimised based on undrained TC results of the block samples of the Blodgett and Deerfield 
strata. The optimised ref

50E values for the HS model are larger than those for the HSS model. This 
difference is expected when the deformation is relatively small because the full range of stiffness is not 
considered in the HS model and a higher value is required to result in a smaller deformation.  
 

Table 3.  Optimised parameters for HSS and HS models based on data from excavation 
 

  HSS model  HS model 

  )(E 50 kParef  7.0γ   )(E 50 kParef  

Blodgett  8200 7.64×10-5  10000 
Deerfield  7600 6.56×10-5  14000 

Park Ridge  12700 7.21×10-5  32000 
 

                       Note: pref = 100 kPa 
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The optimised values of 7.0γ  are close to those optimised based on the extension tests. The 
reasons for this similarity might be the insufficient strain accuracy to capture the elastic behaviour of 
soil in compression tests [21, 22] and also the chance that the soil in front the retaining wall, which was 
subjected to extension, may dominate the lateral wall deformation. Usually, when the properties of a 
laboratory sample are more similar to those of the sample in the field, a better sample quality is 
indicated. It can be recalled that the only difference between TC (block) and TC (tube) is the quality of 
the sample, while 7.0γ from TC (block) is closer to 7.0γ obtained from the in situ data, which indicates 
that the quality of the block sample is better than that of the tube sample. Figure 11 indicates that the 
soil deformations are strongly influenced by 7.0γ : the deformations decrease when 7.0γ increases. 
Therefore, the small strain behaviour of the soil surrounding the excavation must be considered when 
one calculates soil deformations induced by the excavation. 

 

 

Figure 11.  Computed lateral soil movement induced by excavation using different values 
 
CONCLUSIONS 

Based on the results of the laboratory experiments, field observations and numerical simulations 
for the excavation of Block 37 through compressible Chicago glacial clays, the following conclusions 
can be drawn: 

(1) The HS and HSS models cannot describe the soil responses following different stress paths 
using a unique set of soil parameters. In particular, neither model can simulate the stress-strain 
responses from the CQU tests or the excess pore pressure responses of the RTE tests. In general, with 
the use of proper parameters, the HSS model better represents the soil responses than does the HS 
model, both in the field and in the laboratory, especially at relatively small strain levels. 

(2) The values of 7.0γ optimised based on TC (block), compared with 7.0γ optimised based on TC 
(tube), are closer to those optimised based on the in situ data, which reflects the higher quality of the 
block samples compared to the tube samples. 

(3) The soil stiffness at small strain levels significantly influences the soil deformations induced by 
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excavation, at least for the deformation levels encountered at Block 37 site, which is consistent with the 
observations of other researchers regarding the importance of small strain non-linearity.  

(4) For the HSS and HS models, the values of ref
50E  optimised based on field performance data 

produce similar results to those obtained from the optimisation based on the TC results from block 
specimens. For the HSS model, 7.0γ optimised based on performance data produces similar results to 
those obtained from 7.0γ optimised based on RTE results. 

(5) The optimised values of ref
50E for the same stress path in the laboratory are not the same for the 

HS and HSS models. One should not use stiffness parameters derived from the HS model in the HSS 
model without evaluating the computed responses in light of the effects of the two small strain 
parameters 
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