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a b s t r a c t

In this paper, design, re-design, and performance of a long-standing very deep excavation, which was
originally planned to depth of 38 m, are presented. Over-digging was not planned in the original design,
thus the reassessment was performed. Two main topics were followed: deepening to increase the
maximum depth of an existent excavation from 38 m to 42.5 m, and feasibility for upgrading a prede-
signed support system from temporary to permanent support system. The geological investigations in
the project site illustrated a type of stiff and cemented coarse-grained alluvium. An observational
approach with additional geotechnical investigations and in situ tests was applied. Back analyses of
stability of an unsupported access ramp, as well as deformation monitoring of walls, were used in order
to review geotechnical design parameters that represent the full-scale behavior of the ground. Additional
nails and soldier piles together with building mat foundation were implemented as a complementary
lateral support in the retaining system. From an engineering point of view, by assuming a corrosion rate
of 0.065 mm/a for existent rebars, according to chemical and electrical resistivity tests, the long-term
performance of the revised retaining system was verified by static and pseudo-dynamic ultimate limit
state analyses. Performance monitoring during the construction shows that the measured deformation is
in the lower limit of the prediction.
! 2019 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Due to the rapid population growth in urban areas, deep and
large underground excavations have been increased in theworld. In
many countries such as China (Tan and Wang, 2013), Turkey
(Durgunoglu et al., 2007; Durgunoglu, 2008), Portugal (Pinto et al.,
2007), and France (Gastebled and Baghery, 2010), there are case
studies of very deep and large excavations that have been reported.

The performance of earth structures such as excavation is
extremely complex, since their real behaviors often differ from the
ones predicted at the initial design stages. This inconsistency is due
to the fact that many uncertainties are involved in both geological
and geomechanical characteristics of soil masses, as well as in the
initial stresses acting in them. To fill in the gap between the
measured and predicted behaviors, Terzaghi and Peck (1948) pro-
posed an observational procedure, which is an integrated design-
construction method for the earth structures. According to the
method, the performance of the structures is monitored by the field

measurements, usually displacement measurement during con-
structions. In addition, the validity of the original design can be
verified, and if necessary, the original design can be modified. Peck
(1969) formally introduced the observational method (OM) in a
specific paper. Some of the applications of OM has been reported
through the geotechnical projects (e.g. Glass and Powderham,
1994; Powderham, 1994, 2002; Powderham and Rutty, 1994;
Peck, 2001; Sakurai et al., 2003; Chapman and Green, 2004;
Finno and Calvello, 2005; Yeow and Feltham, 2008; Yeow et al.,
2014; Spross and Johansson, 2017; Fuentes et al., 2018).

Numerical simulations are extensively used in the development,
design, and analysis of excavation problems to represent the
behavior of system. The use of such a model-based simulation in
engineering practice often necessitates estimating model parame-
ters based on field measurements. This kind of problems is often
referred to as inverse problems or back analysis. The adoption of
back analysis by the geotechnical community began in the early
1980s. Gioda (1980) and Gioda and Maier (1980) presented one of
the first geotechnical back analyses, where the identification of rock
mass parameters during a tunnel excavation was carried out. The
least squares criterion was used to define the objective function,
while a direct method was adopted to minimize it. Inverse analysis
techniques may be very helpful in such an effort, as model
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calibration is performed by iteratively changing the estimates of its
input parameters until the value of an objective function, which
quantifies the errors between observed data and computed results,
is minimized. When this occurs, an “observational modeling”
approach is in fact employed (Calvello, 2017).

Ikuta et al. (1994) proposed an OM whereby the excavation
sequence was modified and optimized during construction. They
concluded that the method could be used to revise and confirm the
design assumptions by inverse analysis of initial excavation stages.
New design assumptions were implemented to predict the behavior
of the subsequent stages. Following the trend initiated by Gioda
(1980), the Japanese group (formed by the universities of Kobe,
Kyoto and Tokyo) was strongly working on the field of back analysis
applied to geotechnics. Several back analyses were conducted by
Sakurai (1983), Sakurai and Takeuchi (1983) and Hisatake and Ito
(1985) for tunnel excavations, as well as Arai et al. (1984) for
consolidation and Arai et al. (1986) for testing embankments on soft
clay deposits. Later, Ledesma (1987) introduced a full definition of
the back analysis problem based on the concept of maximum like-
lihood to generalize the objective function and formally define it
from a statistical point of view. Moreover, he defined the structure of
the error for several well-known in situ instruments such as in-
clinometers and sliding micrometers. Using the methodology pre-
sented in Ledesma (1987), several real cases studies of tunnels and
excavationwere carried out in Gens et al. (1988,1996), Ledesma et al.
(1996) and Ledesma and Romero (1997). Application of in situ full-
scale tests to design of anchored sheet-piled retaining wall was
illustrated by Young and Ho (1994). In this study, an instrumented
trial installation of a short panel of sheet piling was made to assess
the movements induced by excavation, pile installation, and extrac-
tion. This trial was back-analyzed using the CRISP finite element
program, and the results were used to predict the movements of the
full-scale structure. Instrumentation was installed on the sheet piles
and power cables to monitor the movements and adjust the con-
struction procedure in the event of unacceptably high movements
recorded. In Finno and Calvello (2005), the inverse analysis of a real
supported excavation performed in five stages was presented. The
field observations were obtained from inclinometer data and the
hardening soil (HS) model was used as the constitutive model to
reproduce the soil behavior. The results indicated that a recalibration
of the model at an early construction stage might affect the pre-
dictions throughout construction. Zhang et al. (2015, 2017, 2018)
studied parameter estimation, updating predictions, and adaptive
design of braced excavations.

However, it is a matter of great concern, especially in practical
applications to investigate design adjustments during or after the
construction of existing deep and large excavations due to nearby
construction in urban areas. Furthermore, implementation of ob-
servations for over-digging feasibility of long-standing existent
deep excavations has not been reported. Therefore, in this paper,
the short- and long-term performances of a long-standing deep
urban excavation were investigated, where deepening for the
construction of additional basement floors as well as nearby
excavation effects was the main issue. With an adaptive design
approach, it is found that re-evaluation of an earth retaining sup-
port system remarkably leads to an economical design.

2. Project description

With a population of about 15 million in its larger metropolitan
area, Tehran has one of the largest metropolitan areas in theMiddle
East. The average depth of excavations in Tehran ranges from 20 m
to 40 m. In some situations, depths up to 50 m and 70 m have been
reported. Fig. 1 illustrates a very deep soil nailing and anchoring
supported excavation in the northern part of Tehran with a
maximum height of about 70 m.

Tehran is located at the bottom of the southern slopes of the
Alborz Mountains Range and lies on an alluvial plain formed over
time by flood erosion of the mountains. Due to this process, large
and small particles have settled on high and low elevations,
respectively, resulting in varying geological conditions (Fakher
et al., 2007). The northern part of the city is at a higher elevation
than the southern part. Therefore, the surface and underground
water flows from the north to the south. The groundwater is not a
serious problem in excavation projects in Tehran. Due to a deep
groundwater table, excavation works are usually performed using
soil nailing or anchoring systems without a pre-constructed dia-
phragm or sheet pile embedded wall. Thus, a bottom-up basement
construction method is the common practice. Local water sources
such as sewers, pipe leakages, and natural groundwater flows are
usually the main causes for implementing a draining system in
excavation works. These locally held groundwater regimes and
underground streams could usually be pumped out of the site
during construction.

A deep excavation for construction of a multi-purpose twin
tower that has 25 floors above the ground surface and 6-storey
underground basement was studied in this paper. The area of the
project was about 14,308 m2. Due to a sloped natural ground

Fig. 1. A very deep excavation in the northern part of Tehran with the maximum depth of 70 m.
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surface, the excavation depth was not constant throughout the site.
A differential elevation of about 10 m existed from the north to the
south before construction. In the original design, the maximum
depth of excavation was 38 m in the northern side.

The original design of the retaining system was based on a
temporary soil nailing with 15 cm shotcrete facing. The over-
digging was not planned in the original design, thus the reassess-
ment must be investigated. Another issue, because of nearby
excavation, was upgrading the temporarily existing retaining sys-
tem to a permanent one. This was caused by the fact that the nearby
under-construction building had an excavation 6m deeper than the
project under study. Therefore, removing soil pressures from one
side of the main building’s basement would have led to an unbal-
anced force, which was not considered in the original design. The
building could not support this unbalanced earth pressure. Calcu-
lations according to the Iranian earthquake building code (BHRC,
2007) showed that the unbalanced force induced by the removal
of 42.5 m soil imposes a remarkable base shear force similar to a
large earthquake (with the peak ground acceleration (PGA) of
0.35 g) on the building as a permanent dead load. The unbalanced
earth load and the earthquake shear load are respectively calcu-
lated as follows:

VEarth ¼ 0:5gKah2 ¼ 0:5" 20" 0:22" 42:52 ¼ 3928 kN=m
(1)

VEarthquake ¼ CW ¼ CnwB ¼ 0:21" 31" 12" 53

¼ 4140 kN=m (2)

where VEarth is the total shear force produced by the unbalanced
earth pressure; g is the unit weight of soil; Ka is the active earth
pressure coefficient by giving the effective internal friction angle
f0 ¼ 40#; h is the excavation depth; VEarthquake is the total shear
force produced by the earthquake; C is a coefficient related to the

PGA, building response, and building design categories; n is the
number of floors; w is the floor load; and B is the building width.

From an engineering point of view, there is a preference to
upgrade the existing temporary retaining system to the permanent
one if technically feasible.

Fig. 2 presents an overview of sites A (studied in this paper) and
B (nearby construction). It illustrates the construction of site A
during the initial stage when the project in site B was not
commenced. In the same manner, it displays the final stages of
construction when the project in site A is in the structural phase
while the project in site B is in the middle of excavation works. Site
A has an L-shaped geometry in the plan. The excavationworks took
about 3 years. During the construction period, the operations had
been ceased occasionally due to non-technical issues.

3. Geotechnical conditions

The project sitewas located in the northern part of Tehranwith a
special type of soil formation. Local geologists and engineers use
Rieben’s (1966) classification of Tehran alluvium. He divided the
Tehran coarse-grained alluvium into four categories, ranging from
the oldest one to the youngest one as A, B, C and D, where A is the
oldest alluvium, and consequently, it is the most cohesive and
cemented alluvium. The alluvium of Tehran is heterogeneous and
strongly cemented, and the cementation between grains is usually
the calcite (Fakher et al., 2007). This alluvium often ranges from
gravelly sand to sandy gravel with some cobbles and boulders that
are dominantly cemented by carbonaceous materials. From a
geological point of view, the cementation process of Tehran allu-
vium is a secondary event, in a way that the cementation agent has
been deposited by groundwater after the base grains had been
deposited. The cementmaterials are often carbonate materials such
as calcite.

Fig. 3 demonstrates the site on the geological map of Tehran. The
classification of alluvium is marked on the map with letters A to D.

Fig. 2. An overview of sites A and B in (a) the initial and (b) final stages; (c) multi-purpose twin tower (main building of the project); and (d) geometry of site A.
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Alluviums A and B are in contact at the site. Geological studies
indicate that the project site was located almost entirely in type A
formation, especially the north wall studied in this paper. Field
observation and visual inspection during initial site investigation
show evidence of type A alluvium in the northern side of the
project site. As illustrated in Fig. 4, it is clear from the texture and
color that types A and B are recognized. Type A alluvium tends to
dip at an angle of 20# with sandy interlayers as a specific feature,
whereas the type B shows grain-size variability and angularity.

In the initial site investigations, 8 boreholes down to 75 m were
performed with rotary drilling. The subsoil mainly consisted of
sandy and gravely layers with high NSPT (>50), where NSPT is the
standard penetration test (SPT) number. It is extremely difficult to
acquire undisturbed samples using conventional soil sampling
techniques from this material. Furthermore, evenwhen samples can
be retrieved, as a block sample, the results of laboratory strength
tests may not be representative of the actual in situ behavior. For
these reasons, field tests are usually used in conjunction with the
conventional index laboratory tests as well as analytical models to
estimate in situ cohesion of such alluvial deposits.

Fig. 5 demonstrates the field investigations for studying the in
situ properties of coarse-grained cemented alluvium through direct
shear and plate load tests. In the initial site investigations, about
100 laboratory direct shear tests were performed on the remolded
samples. Due to the fact that the in situ cementation had been
removed in remolded samples, these tests cannot represent the in
situ cohesion. Soil stiffness parameters were estimated by small
strain in situ geophysical (downhole) and medium strain tests
(plate load test). Fig. 6a represents the results of laboratory and in
situ direct shear tests. In this figure, 4 Coulomb failure envelopes
were considered. Failure envelope lines 2 and 4 are for in situ and
laboratory tests performed in the initial site investigation phase,
respectively, while the envelopes 1 and 3 are for in situ tests carried

out after the excavation reaches a depth of 38 m. These tests show
the variation in the in situ cohesion of subsoil from the ground
surface down to a depth of 35 m. The drained apparent cohesion c0

varies between 0 and 83 kPa and the internal friction angle (f0)
varies between 31# and 41.2#.

4. Original versus revised design

The maximum top elevation of the wall on the north side
was þ18 m, the bottom elevation in the original design was %20 m,
and the excavation reached the elevation of %24.5 m in the final
stage. Thus, the maximum excavation depth in the original and
revised designs was 38 m and 42.5 m, respectively.

A soil nailing support system was used, and the ultimate limit
state and serviceability limit state analyses were performed for
design verification.

Stability analysis was performed with SLOPE/W software. A
Morgenstern-Price method was implemented to evaluate the safety
factor (FS) against the global instability. Static analysiswas performed
using the finite element method (FEM), and dynamic (pseudo-dy-
namic) analyses were only implemented in stability analyses.

FEM was used for calculation of deformation with PLAXIS 2D
v8.6, and serviceability limit state control. Geotechnical parameters
adopted in the original design using the HS model, with a cautious
estimate of the geotechnical parameters, are presented in Table 1.
Furthermore, the HS model with small strain stiffness (HSS) was
implemented in the revised design. In Table 1, the ranges and
average values as well as optimum values (from back analysis) of
the soil parameters are represented.

Hardening was assumed isotropic, depending on the plastic
shear and volumetric strains. A non-associated flow rule was
adoptedwith respect to frictional hardening and an associated flow
rule to the cap hardening. Schanz et al. (1999) and Brinkgreve

Fig. 3. Classification of Tehran alluvium on the geological map.
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Fig. 4. Visual observations and geological evidences during initial site investigation.

Fig. 5. Preparation for field tests to study the in situ properties of coarse-grained cemented alluvium.

Fig. 6. (a) Results of laboratory and in situ direct shear tests; and (b) determination of m and Gref
0 from the results of downhole tests.
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(2002) explained in detail the formulation and verification of the
HS model. The stressestrain behavior for primary loading is
nonlinear. The parameter E50 is a confining stress dependent stiff-
ness modulus for primary loading. The amount of stress de-
pendency is controlled by the powerm. As illustrated in Fig. 6b, the
downhole tests provide the values of Gref

0 and m, which are
important parameters in the HSS model. Given a power law be-
tween the maximum shear modulus of soil (G0) and in situ
confining pressure ðs03 ¼ s0hÞ, it is easy to calculatem and Gref

0 from
downhole tests. From regression analysis, m and Gref

0 are equal to
0.9 and 622 MPa, respectively.

Solid elements were used to represent the soldier piles in a
plane strain analysis. An elastic model with an equivalent elastic
modulus E was implemented. The elastic modulus of concrete was
30 GPa, the pile diameter was 1 m, and the pile spacing was 5 m.
These resulted in an equivalent elastic modulus of 4.7 GPa. The
Poisson’s ratio was assumed as 0.2 for the solid element.

Nails were modeled in PLAXIS using geogrid elements. A class
AIII steel material with yield tensile strength of 400MPa and elastic
modulus of 200 GPa was used. The shotcrete facing was modeled
using the elastic plate elements with the thickness of 100 mm, axial
stiffness (EA) of 2.1 " 106 kN/m, and flexural stiffness (EI) of
1750 kN m2/m.

Fig. 7 presents the construction history in four stages. First,
based on the original design, excavationwas performed down to an
elevation of%20 m. In stage 2, based on the revised soil parameters
and extra site investigations, two extra rows of nails were imple-
mented in combination with cast-in-place concrete soldier piles,
8 m in length, 1 m in diameter, and 5 m in spacing, at the bottom of
the wall. The excavation in this stage was performed down to an
elevation of %24.5 m (equivalent to a depth of 42.5 m). In the
following phase, the concrete soldier piles were connected to the
main building mat foundation to create a lateral support at the
bottom of the retaining system. All of the phases up to this stage

Table 1
Geotechnical parameters in the original and revised designs.

Design g (kN/m3) Eref50 (MPa) Erefoed (MPa) Erefur (MPa) Gref
0 (MPa) m g0.7 (10%4) cref (kPa) f0 (#) j (#) Rf nur pref (kPa) Knc

0

Original 20 100 100 300 e 0.5 e 50 38 8 0.9 0.2 100 0.38
Revised Minimum 20 40 40 120 500 0.1 0.8 34 35 5 0.9 0.2 100 0.43

Maximum 20 180 180 540 750 1 3.5 102 45 15 0.9 0.2 100 0.29
Average 20 110 110 330 622 0.9 2.15 68 40 10 0.9 0.2 100 0.36
Optimum 20 110 110 330 622 0.9 0.8 51 40 10 0.9 0.2 100 0.36

Note: Eref50 is the secant stiffness from standard drained triaxial test; Erefoed is the tangent stiffness for primary oedometer loading; Erefur is the unloading/reloading stiffness from
drained triaxial test; Gref

0 is the reference shear modulus at very small shear strains (<10%6);m is the power for stress-level dependency of stiffness; g0.7 is the threshold shear
strain at which Gs¼ 0.722G0; cref is the effective cohesion; j is the angle of dilatancy, j¼ f% 30# , where f is the internal friction angle; Rf is the failure ratio, Rf¼ qf/qa; nur is the
Poisson’s ratio for unloading-reloading; pref is the reference stress; and Knc

0 is the K0-value for normal consolidation, Knc
0 ¼ 1% sin f0 .

Fig. 7. Construction stages: (a) original design, (b) deepening down to 42.5 m, (c) construction of mat foundation, and (d) construction of main structure together with additional
nails. Elevation in m.
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were temporary works and the durability concerns and seismic
effects came into consideration afterward. In the final phase,
additional nails were performed in parallel to the construction of
the main building. These additional galvanized nails accounted for
corrosion protection and permanent situations. Fig. 8 illustrates the
calculation for the lateral support effect of mat foundation. The
main building would produce a normal (gravitational) force, which
is calculated as follows:

N ¼ B
!
nwþ tfgc

"
(3)

whereN is the normal force per unit length; n is the number of total
floors, n ¼ 31; w is the dead load for each floor, w ¼ 6 kPa; tf is the
thickness of the foundation, tf ¼ 2.5 m; and gc is the unit weight of
concrete, gc ¼ 24 kN/m3. The foundation lateral resistance pro-
duced by the vertical force N in the ultimate state is calculated as

T ¼ N tan d (4)

where d is the friction angle between the concrete and soil, and
d ¼ f0/3 (w13.3# in this study). A total ultimate resistance of
approximately 3000 kN/m was mobilized when the north wall
moved toward the building. This frictional resistance was imple-
mented in the ultimate limit state analysis to account for the long-
term performance of the retaining system in pseudo-dynamic
stability analysis. It was assumed that T would be activated as a
lateral support during the earthquake and consequently, in com-
bination with the soldier piles, would prevent the soil below the
elevation of þ20 m from moving. The top elevation of the soldier
piles is þ20 m, same as the bottom elevation of excavation in the
original design.

Table2 lists theglobal safety factors calculatedby limitequilibrium
analyses. Each value represents a “design situation”. According to
Lazarte et al. (2003), for the soil nailing retaining system in the long-
term condition, aminimumglobal safety factor of 1.35 is adequate for
temporary and 1.5 for permanent structures. For a short-term con-
ditionduring temporaryexcavationworks, aminimumsafety factorof
1.2e1.3 is recommended. For seismic analyses (pseudo-dynamic), a
minimumsafety factor of 1.1 for temporary andpermanent structures
in long term is recommended. The dimensionless lateral seismic co-
efficient kh used in pseudo-dynamic analyses could be calculated
conservatively as follows (Lazarte et al., 2003):

kh ¼ 0:67AðA% 1:45Þ (5)

where A represents the PGA. The PGA in Tehran is given as 0.35 g
according to the Iranian seismic code (BHRC, 2007). Thus, a value of
0.2 is calculated for the dimensionless lateral seismic coefficient kh.

In order to consider the long-term performance of steel rebars, it
is necessary to galvanize additional nails. For existing rebar, solu-
tions such as extensive protection or reduction in the available
cross-section due to the subsequent corrosion could be imple-
mented. The reduction in the existing rebar cross-section was
implemented in this project. This variant was not needed for future
maintenancemeasures and related costs. According to OCDI (2009),
the corrosion rate of steel (in mm/a) could be calculated with re-
gard to the environmental conditions. Soil and water chemical and
electrical resistivity tests showed a moderate corrosion potential in
this project. The nails are embedded in the soil and exposed to
water flows occasionally. As a result, the following two situations in
the landside were considered according to Table 3 (after OCDI,
2009):

(i) above the ground surface and exposed to air: with the
corrosion rate of 0.1 mm/a; and

(ii) underground (above the residual water level): with the
corrosion rate of 0.03 mm/a.

An average of these two extreme values was considered as the
corrosion rate of rebar in this project (i.e. 0.065 mm/a). At this rate,
after 50 years (design life), a reduction in diameter (6.5 mm) is
estimated. For f40 nails, this leads to 30% reduction in the cross-
section, and for f25 nails, the reduction is about 50%. These
values are used for calculations of the safety factor in the final stage.

5. Observations and inverse analysis

Due to the fact that excavation had been stable during the long
period of construction, an observational approach was imple-
mented to re-investigate the geotechnical parameters of this long-
standing existing retaining system from complementary site in-
vestigations, additional in situ tests, observations, and monitoring
data.

During excavation, an access ramp was planned for temporary
construction works. The stability analysis was implemented to es-
timate the mobilized average effective in situ cohesion ðc0aveÞ. Fig. 9
presents the relationship between the height of ramp (he) and the
average effective in situ cohesion ðc0aveÞmobilized for the stability of

Fig. 8. Lateral support at the bottom of the wall produced by the building foundation.

Table 2
Global safety factors in allowable stress design (ASD) approach.

No. Description Height of
ramp, he (m)

FS

a Static stability analysis with initial geotechnical
parameters

38 1.303

b Static stability analysis with revised geotechnical
parameters

38 1.493

c Static stability analysis with revised geotechnical
parameters

42.5 1.341

d Static stability analysis with revised geotechnical
parameters, 30% reduction in cross-section of
existing rebar

42.5 1.611

e Pseudo-dynamic stability analysis with revised
geotechnical parameters, kh ¼ 0.2, 30% reduction in
cross-section of existing rebar

42.5 1.187

Table 3
Recommended values for corrosion rate in the landside according to OCDI (2009).

Corrosive environment Corrosion rate (mm/a)

Landside Above the ground and exposed to air 0.1
Underground (above the residual water level) 0.03
Underground (bellow the residual water level) 0.02
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the wall. In the calculations, soil unit weight and internal friction
angle were given as 20 kN/m3 and 40#, respectively. A minimum
value close to 50 kPa for c0ave was calculated considering he ¼ 20 m.
This mobilized average effective in situ cohesion is in accordance
with those obtained from in situ direct shear tests presented
previously.

Because the range of monitored deformation was small, high
stiffness ranges mobilized in the initial stages of excavation should
be considered in the modeling. Fig. 10 depicts the geotechnical
parameters measured from field investigations, including the
maximum shear modulus (G0) from downhole tests performed in 4
boreholes, elastic modulus in unloading and reloading (Eur), elastic
modulus in primary loading (E50) from plate load test, and c0 from
the direct shear test. In addition, the geometry of the finite element
model is illustrated.

To determine the most important and effective soil model pa-
rameters that influence the deformation behavior of the retaining
wall, sensitivity analysis was performed. The sensitivity was
calculated according to a simple method given by EPA (1999). In
this method, three major coefficients, namely the sensitivity ratio
(Eq. (6)), sensitivity score (Eq. (7)), and relative sensitivity (Eq. (8))
for each input variable (xL,R) with respect to any system response
were calculated. The sensitivity ratio (hSR) is defined as the per-
centage change in the output divided by the percentage change in
the input for a specific input variable. The ratio of the total range
over a reference value, x, is used for weighing, which makes the
sensitivity ratio independent of the unit of the variable. The

sensitivity score (hSS) of each input variable to a system response A
(e.g. displacement) at all construction steps can be simply added up
to be representative hSS;Ai

for the whole construction sequence.
Then the relative sensitivity of the system response A is obtained by
Eq. (8):

hSR ¼
#
f
$
xL;R

%
% f ðxÞ

&'
f ðxÞ$

xL;R % x
%'

x
(6)

hSS ¼ hSR
xmax
R % xmin

R
x

(7)

aAðxiÞ ¼
hSS;Ai

PN

i¼1
hSS;Ai

(8)

Finally, the total relative sensitivity, a(xi), for each input variable
is given by the following equation:

aðxiÞ ¼
hSS;i

PM

i¼1
hSS;i

(9)

where M is the number of system responses.
Fig. 11 shows the geodesic targets attached to the north wall for

deformation monitoring. T-targets were attached first and then N-

Fig. 9. Stability back analysis of access to calculate c0ave.

Fig. 10. Geometry of numerical model together with subsoil geotechnical parameters.
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targets were attached after the excavation reached the elevation
of %15 m. In addition, Fig. 11 also presents the results of lateral
movements of the north wall during excavation. The results are
scattered but there is a general trend that shows an increase in
horizontal movements with the deepening of excavation. Due to
the lack of information, only the results in the final stage of exca-
vation existed. The construction sequences were modeled

according to available pictures taken during the project and topo-
graphic drawn from geodesic surveying. In addition, standard de-
viations (SDs) of input parameters and monitoring data were
considered to estimate the range of the variation.

Fig. 12a shows the total sensitivity of horizontal movement of
point Twith respect to the soil model parameters cref, f, Eref50 ,m, Gref

0
and g0.7. The most important parameters, in this case, are cref and

Fig. 11. Geodesic monitoring of lateral wall movements of north wall during excavation and after revised design in target series T and N.

Fig. 12. (a) Effective parameters in sensitivity analysis and (b) optimum solution to minimize error function.

Fig. 13. (a) Normalized secant shear stiffness reduction curve for type A Tehran alluvium (Sangtarashha et al., 2011) and (b) calculated and measured lateral deformations.
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g0.7, which affect the maximum horizontal deformation of the wall.
Therefore, the optimum values for these parameters to minimize
the absolute difference between measured and calculated lateral
wall movements (the error function) were estimated by back
analysis. Fig. 12b illustrates the contours of error function to esti-
mate the optimum values.

These optimum values are comparable with previous studies in
Tehran alluvium. According to the back-calculated g0.7 equal to
0.8 " 10%4, a reduction curve can be estimated and is depicted in
Fig. 13a. This curve is in the lower limit of those obtained from
pressuremeter test (PMT) results, as reported for type A Tehran
alluvium (Sangtarashha et al., 2011). In addition, the average
effective cohesion c0ave back-calculated from deformation moni-
toring data is in accordance with those obtained from previous
stability back analysis and in situ direct shear tests.

Fig. 13b presents a prediction of horizontal deformation from
original (HS) and revised (HSS) models (Finno et al., 2002, 2007;
Benz, 2007) in comparison with the measured data. The trend of
monitoring data is compatible with that of the revised model. Due
to the lack of monitoring data from the beginning of the project,
results were set from the beginning of revised predictionwhere the
depth of excavation was about 34 m. With consideration of mea-
surement error form the SD of monitoring data, it was found that
the measurements are compatible with the revised model predic-
tion. Thus, it could be concluded that the deformations are rela-
tively in the lower limit of prediction.

As stated earlier, local water resources such as sewers, pipe
leakages, and groundwater flow due to irrigation and precipita-
tion usually are the main causes for implementing a draining
system in excavation works. The excavation was performed in the
nearly dry condition. The local groundwater and underground
streams regularly were pumped out of the site during excavation.
Weep-hole drains were introduced to transfer the local water
behind the wall.

6. Conclusions

In the northwest of Tehran, a deep and large nailed excavation
with amaximumheight of 38mhad been constructed during about
2 years. An over-digging from 38 m to 42.5 mwas determined. The
project was large in the plan as well as in the depth. Furthermore,
due to a nearby excavation, an unbalanced forcewas imposed to the
project main building in the future. Thus, another issue was
upgrading the temporarily existent retaining system to the per-
manent one.

The subsoil consisted of cemented coarse-grained formation
with high stiffness and strength properties. This alluviumwas very
heterogeneous, consisting of cobbles and boulders. Thus, in situ
full-scale tests must be considered as appropriate alternatives to
estimate ground properties. The findings of in situ tests showed
that the apparent cohesion in the project site ranges from about
40 kPa to 80 kPa. Thus, the exact values must be determined from
back analysis of the actual performance of the system. In the same
manner, the stiffness parameters are in a wide range that imposes
difficulties in selecting appropriate design values.

With an observational approach, it is shown that the imple-
mentation of HSS model with consideration of small stiffness pa-
rameters from downhole and back analysis data has improved the
performance prediction of the retaining system in comparisonwith
the deformation monitoring data. Thus, the modification of the
model and the parameters could remarkably have amended the
design.

By adapting the existent support system through additional
nails as well as the implementation of soldier piles, it is concluded
that the deepening of the excavation down to 42.5 m can be

feasible. It was found that building mat foundation provides
remarkable high lateral frictional resistance that could be imple-
mented as a lateral support at the bottom part of the excavation
wall.

Implementation of the galvanized new nails and the reduction
in the cross-section of the old nails are a practical variant to deal
with such situations to upgrade durability and long-term stability
of existing retaining system.
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