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Abstract

This paper presents results of a plane strain comprehensive numerical study on the interaction between a 31-meter-deep
excavation and an adjacent 12-story building; the study emphasizes on parametric analyses with respect to the building
characteristics, such as the building width in plan (B), i.e., the side perpendicular to the excavation wall, the embedment
depth of the building foundation (D), as well as the building distance to the excavation edge (). Through the parametric
analyses and assuming different values for B, D, and e, settlements and rotations of the building and horizontal
displacements of the excavation edge were computed and evaluated using the finite element method adopted in PLAXIS
3D software. Prior to the parametric study, the numerical modeling was verified by modeling a recorded case study, which
is an anchored deep excavation adjacent to a 12-story building. The results of the parametric analyses suggest that for the
given soil and excavation, (1) the position of the developing potential failure surface, PFS, in the soil behind the excavation
is almost independent from the building location and (2) the position of the building with respect to the outcrop of the PFS
in the excavation crest, i.e., if the building locates fully on the potential failure wedge or PFS intersect the building base,
is the main factor affecting the induced displacements and rotations of the building.

Keywords: Deep Excavation; Adjacent Building; Failure Wedge; Numerical Analysis; Parametric Study.

1. Introduction

Rapid urbanization has led to growing number of activities, including construction of underground spaces that require
cutting of deep excavations proximate to existing buildings. Excavations inevitably induce significant changes in
stress/strain states of the surrounding soil, which in turn may cause different levels of displacement and damage in nearby
structures [1]. These effects are related to a host of parameters, namely, soil properties, specifications of excavation
support system, building properties and location with respect to the excavation, and excavation sequences and geometry
[2-7]. In design and construction of deep excavations, it is prudent to avoid excessive lateral displacements and ground
surface settlements, by carefully considering the effects of the above-mentioned factors, otherwise uncertainties would
often force engineers towards inefficient constructions with high costs [8].

Previous studies have demonstrated that buildings weight, stiffness and position relative to excavations are the main
building-related factors influencing excavation-induced deformations of the nearby buildings [3, 9-10]. The stiffness of
an adjacent building affects excavation-induced settlements. The bending stiffness and shear stiffness of a building
mostly depend on stiffness of frames and in-frame walls, respectively. There are two main methods to include effects of
adjacent buildings in numerical modeling of excavations: (1) using an equivalent beam and (2) modeling the building as
a frame. In the former, estimation of the stiffness would be appropriate for a building with wall behavior dominancy.
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Despite its widespread use, alternating a simple beam instead of a framed building to represent its real behavior is under
discussion [11-13]. Using equivalent surface beam in numerical studies about building-tunneling interaction
overestimates stiffness of the building and, therefore, underestimates the induced settlements [14, 15].

Having used the equivalent beam method, Goh and Mair [10] presented building modification factors applicable for
determination of adjacent excavation effects on the building deflections and strains. They employed 2D numerical
models of weightless framed buildings, with both mat and spread footings, on the crest of a strutted excavation in a soft
clay. They also used an equivalent simple beam to represent bending stiffness of the building frame, while neither weight
of the building nor the position of the building in relation to the excavation's Potential Failure Surface (PFS) were taken
into account [10].

Son and Cording [16] modeled the building and showed that openings (i.e., doors and windows of masonry buildings)
reduce significantly the building’s shear stiffness (compared to the bending stiffness). They suggested that 30% increase
in walls openings ratio results in 45-61% reduction in shear stiffness of the equivalent wall [16].

Other studies have indicated that factors such as building structural system, cracking in frame or load-bearing walls
and soil conditions affect the response of framed structures to settlements induced by adjacent excavations [17-19].

Thus far, the two main approaches implemented in estimating excavation-induced vertical and horizontal
displacements can be classified as empirical (or semi-empirical) methods and numerical modeling. The complex soil-
structure interaction can be taken into account only using numerical methods along with an appropriate constitutive law
for the soil behavior. Nevertheless, it should be noted that neither of the two methods could be implemented alone if
deformations occur due to improper soil excavation or local water leakage into the excavation [20]. However, it is
expected that including actual conditions encountered during excavation in numerical models can yield reasonable
results.

Application of free-field settlements of excavations to their adjacent buildings has been commonly adopted as a
shortcut method for estimating levels of damages to the buildings; of course, this approach ignores effects of the building
on the settlement and thus is not adequate for all circumstances [5]. Son and Cording [9] numerically investigated
responses of buildings with different structural types, founded on soils with different properties, subjected to progressive
free field ground settlements obtained from typical field observations. They indicated that the structural response to
excavation-induced ground settlements is highly dependent on the structural type and soil conditions.

Moreover, in order to account for building-excavation interactions in conditions in which the side corners of the
excavation are not far enough from the building and also for special geometries of narrow, deep excavations, only 3D
models should be used [21-23]. Meanwhile, attempts have been made to correlate plane-strain analyses results to their
corresponding 3D analyses [24-25].

Owing to the variety of parameters involved in the interaction behavior of excavations and nearby buildings, no
comprehensive study considering the impact of all influencing parameters has so far been conducted. The deformations
seem to be better interpreted by considering the building position with respect to the Potential Failure Wedge (PFW)
developed in the soil during excavation; this has not been accounted for in the literature. Moreover, stability analyses
regarding the building location in relation to the excavation wall have been rarely taken into account. The reason may
be attributed to the difficulties involved in investigating simultaneously the excavation stability and induced
deformations in a parametric study.

This study attempts to understand how specifications of a framed building in the vicinity of a deep excavation affect
the excavation induced deformations. To this end, the PLAXIS 3D-2017 software is incorporated to perform Finite
Element analyses. The modeling approach is verified first using the monitoring data from a 31.2 m deep excavation and
then used for numerical modeling of a series of anchored piled excavations. Extensive sensitivity analyses with regard
to the parameters related to the building’s location (range of which were determined based on the results of the stability
analyses) are carried out. The results of the analyses are presented in terms of rotations and settlements of the building
and displacements of the excavation crest.

The research methodology of the present study is presented in a flowchart as depicted in Figure 1.
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Figure 1. Flowchart of the research methodology (PFS: potential failure surface, main variables: B (building width
perpendicular to the excavation wall), e (building distance to the excavation edge) and D (embedment depth of the building
foundation), SF: safety factor, 0: building rotation, Uc: excavation edge horizontal deformation, Sp: maximum building
settlement)

2. Case Study

The case under study herein is a part of the west side of a 31.2 m deep excavation project, adjacent to a 12-storey
building in north of Tehran. The retaining system of this part of the excavation is anchored piles together with a layer
of reinforced shotcrete. Geotechnical investigations in the site of the project characterized the soil as a relatively
compact, granular, cementitious soil. The ground water table was lower than the excavation base level. Figure 2 depicts
plan view of the excavation site and two photos from the excavation wall and the building.

2.1. Support System

The support system applied to provide stability and control deformations in vicinity of the building utilizes the
combination of pile, anchorage, wire mesh and shotcrete. After drilling the pile locations up to the depth of 34.2 m
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(embedded in concrete with depth of 3 m, below the excavation bottom to provide fixity), steel piles (2IPE360) with 3
m spacing were installed. In each sequence of soil excavation, one row of post-tensioned anchors together with a layer
of reinforced shotcrete were implemented. Thickness of the shotcrete layer was about 10 cm. Two sets of four and six
multi strand anchors (0.6 inch diameter for each strand) with 150 kN post tension force for each strand were used (Figure
3). Therefore, post tension force for each anchor in the upper three rows and in the lower seven rows of anchors were
about 600 kN and 900 kN, respectively.
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Figure 2. Excavation Plan of the Case Study and View of the building and the excavation wall
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Figure 3. Specifications of the excavation support system
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2.2. Building Characteristics

A 12-storey square-shaped (in plan) concrete building, including two basements, with the width of 30 manda 1.5 m
thick mat foundation is located in the west side of the excavation (Figure 2). The horizontal distance between the building
and the excavation wall (e) is 5 m and the embedment depth of the foundation is 4.5 m. Regarding the two basements,
retaining walls with a thickness of 20 cm and floors of 20 cm thick two-way concrete slab have been constructed.
Spacing of the columns (bay widths) is almost 6 m and shear as well as partition walls have occupied around 60% of
the frames. In average, the columns are 70 cm in dimension while the beams are 30 cm wide and 50 cm deep.

2.3. Instrumentation and Monitoring

Different instruments such as extensometers, load-cells and tilt-meters were employed to monitor the deflections,
anchors forces and building rotations respectively. However, the instruments' data were not trustworthy due to their low
quality and improper/incorrect installation. Therefore, the measured displacements of surveying target points (three on
the building, B-U-1, B-M-1 and B-D-1 and one on the excavation wall, W-1-2) as shown in Figure 4 were used for
verification of the numerical modeling.

3. Numerical Modeling

Numerical analyses of the interaction behavior include modeling of both the building and the excavation in four
modes of Soil, Structure, Mesh and Staged construction. The numerical modeling and analyses employed the elasto-
plastic Hardening Soil (HS) constitutive model adopted in PLAXIS 3D [21]. The HS model differentiates between the
loading moduli (i.e., Eso or E; in Figure 5a) and the unloading/reloading (E.r) modulus, and can be confidently used for
deep excavation analysis [26]. This model is based on the Mohr-Coulomb strength criterion and two families of yielding
surfaces. The yield surfaces are the “yield cap surface”, with an associated flow rule, taking into account volumetric
plastic strains and the “shearing yield surface” which is used to compute distortional plastic strains. The flow rule is
non-associated and the plastic potential function is defined to ensure a hyperbolic response [27]. The stress-strain
behavior of the HS Model is depicted in Figure 5 and the Model parameters and their assigned values for the numerical
modeling of the case study as well as the fore-coming parametric study are presented in Table 1. By defining a borehole
in the Soil mode of the modeling process, the thickness and constitutive model of the soil layer were assigned.

deviatoric stress
lo1 — o3|

01 A
q A asymptote
I= 1 e
ar ____----failure line
pref
axial strain - =4 -£1
a) Hyperbolic stress-strain relation in primary loading for a standard b) Definition of Eqed™ in oedometer test
drained triaxial test results

Figure 5. Characteristics of Hardening Soil model [27]
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Table 1. Soil Properties and HS Model Parameters used in numerical analyses

Eso" Eoed™ Eu"f Power, m e ¢ k SR T Pt Ko™ Y
Property
MPa MPa MPa - kPa 0 0 - kPa - kN/mé
Case study 60 60 300 0.6 50 39 5 0.2 100 0.37 20
Parametric study 60 60 300 0.5 25 36 0 0.2 100 0.41 20

* “ref” denotes the reference pressure for triaxial or oedometer test in which the model’s parameters should be determined.

The structural elements of the building (i.e., beams, columns, slabs, in-frame walls and foundation) as well as the
support system (i.e., piles, anchors and reinforced shotcrete layers) were created in the Structure mode in PLAXIS. The
structural model studied here is a 6 m wide slice from the 30x30 m square shaped in-plan building. As shown in Figure
2, the building is about 15 m away from the excavation corner; therefore, plane strain conditions with an acceptable
accuracy applies to the analysis. To ensure a representative frame for the building (regarding the typical 6 m bay width
of the building frame), two anchored piles were incorporated into the model. The unit weight of the structural elements
of the building were taken into account by assigning 12 kPa equivalent load (sum of the dead load plus the live load) for
each floor of the building.

The shotcrete and piles were modeled with plate elements, while for the bond length of the anchors, embedded beam
elements were used. It is worthwhile mentioning that plate elements for modeling the piles were selected to account for
the lateral earth pressure on them [27]. Moreover, a block of “volume” element with concrete properties was added to
the plate element to model the embedded part of each pile. Furthermore, structural elements such as beam, column, slab,
foundation and retaining and in-frame walls were modeled as plate elements.

The PLAXIS 3D program allows for a fully automatic generation of finite element meshes which takes into account
the soil layer as well as all structural elements and boundary conditions. After defining the structural elements, mesh
generation process in the Mesh mode, by selecting finer mesh sizes around the building zone of the soil body, was
conducted. The generated mesh and model’s geometry are shown in Figure 6a.

The finite element calculations involve several sequential phases. Each calculation phase corresponds to a particular
loading or construction stage. After initial Ko stress analyses in the first phase of the Staged construction mode, the
adjacent building and the piles were erected in the second phase of the modeling. Then in the third phase, the first stage
of excavation and activation of the supporting system (i.e., anchorage and mesh installation and shotcreting) was
modeled according to the practice and excavation geometry of the real project. This phase was repeated for 9 more
stages until reaching the final excavation level. Deformations computed at the end of each phase were computed and
recorded; in reality however, only deformations pertinent to the excavation stages are of concern.

3.1. Verification of Numerical Model by the Case Study

The soil removal in vicinity of the building was carried out in the sequence as depicted in Figure 6b. The actual
excavation sequence was obtained using the available photos/reports. There is a real doubt regarding the efficiency of
this excavation sequence as far as controlling of ground deformations [28] is concerned. However, the same excavation
sequence was employed in the numerical modeling to follow the real field conditions. Simultaneous with each layer of
soil removal, a row of anchors was activated.

Figures 7 shows the comparison of the measured and computed horizontal displacements and settlements of the
building and excavation at the target points, during excavation. As seen, the computed results and surveying data are in
good harmony with each other in all of excavation stages; this verifies the numerical modeling approach.
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(a) Mesh idealization (b) Real excavation stages of the case study

Figure 6. (a) Mesh idealization of the western side (adjacent to the 12-storey building) of the deep excavation case study and
(b) Real excavation stages of the case study
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Figure 7. Comparison of measured and computed deformations for the target points

Further sensitivity analyses showed that the most favorable results are obtained when the bottom boundary condition
is about 12.5 m below the excavation floor. Accordingly, in the cases where the soil layer at the bottom of the excavation
are thicker (i.e., more than 12.5 m in this model), the computed horizontal and vertical displacements differ substantially
from the measured ones due to unreal heave of the soil layer beneath the excavation bottom.

3.2. Parametric Study

The stiffness and weight of the adjacent building are the two most building-related factors influencing excavation-
induced deformations according to the literature. Another important factor affecting the behaviors of both building and
excavation is the relative position of the building with respect to the Potential Failure Surface (PFS), which develops
within the soil. This relative position depends, of course, on the embedment depth (D), width (B) and distance of the
building from the excavation (e), as shown in Figure 8.

Considering all of the above factors and selecting the soil, excavation, and building (i.e., 12-story and 36 m tall)
similar to those of the case study introduced in Section 3, totally 36 building-excavation models were developed. Table
1 presents the parameters of the soil and the 31.2 m deep excavation wall.

Deformations of the excavation and the building depend on the excavation support design, which in turn is a function
of soil characteristics as well as the loading (building location, width and depth). Two approaches may be opted for in
the parametric study of the excavation-building interaction. The first approach is to assume an identical Support of
Excavation (SOE) for different loadings, and the other one is to consider an identical Factor of Safety (FOS) for the
SOEs under different loadings; obviously in the latter approach, the SOE characteristics are case-dependent and depend
on the loading conditions. The first approach was adopted in this study. For a realistic comparison of the results,
however, the ranges of the parameters of interest were defined in a way that the stability of the SOE is satisfied, in an
allowable range of factor of safety, for every loading conditions assumed. To this end, the admissible range of the
variables given in Table 2 were assigned based on the stability analyses carried out by Geoslope software, with allowable
FOS ranging between 1.2 to 1.6.
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Figure 8. Problem Description; (a) main variables in the parametric study (the building horizontal distance from the
excavation (e), foundation depth of the building (D) and the building width (B)), (b) response parameters (horizontal
displacement of crest (Uc) and maximum settlement (Sp) and rotation (0) of building).

Table 2. Values of the main variables applied in parametric study

Parameter Assumed values (m)
B 12,18, 30
E 0,6,12,18
D 2,45,6

Table 3. The cases with the most and the least safety factors in the parametric study

Model e (m) D (m) B (m) F.S.
Case study 6 45 30 14
Most stable 18 6 12 1.6
Least stable 0 2 30 1.2

The results are presented in forms of horizontal displacement of the excavation crest (Uc), maximum settlement of
the adjacent building (Sp) and rotation of the building (0), as shown in Figure 8b; these parameters are interpreted based
on the concept of relative position of the building with respect to the PFS. For a better interpretation of the results, a
simplified statement has been developed in a conceptual framework related to free field conditions (see Se.4.2).

4. Results of Parametric Studies

PFS positions within the soil for different values of the main variables is defined in this section and thus the results
of the parametric study are interpreted on the grounds of the building's position in relation to the PFS position along
with the contribution of the building stiffness and weight in the failure wedge.

4.1. Potential Failure Surface Position

For investigating the dependency of the response parameters to the situation of the building relative to the PFS, it is
needed to determine PFS position in the models. The location of PFS can be determined by means of the mobilized
shear stress ratio, tre, (Figure 9a), total principal strain value and direction in the soil (Figure 9b), and the deformed
finite element mesh (Figure 9c); however, the recent approach is not as precise as the two former methods.

1.00

| — 0.00

a) Relative shear stress (Trel) b) Total principal strain values and | c) Deformed mesh (magnified x100)
directions (magnified x100)

Figure 9. Three methods for assessment of the failure wedge in finite element models

Inspection of relative shear stresses and principal strains directions in Figure 10 (e.g., e=3 m) reveals a clearly
distinguishable shear band, delimited in red color. Moving away the building (e.g., e=12 min Figure 10) results in fading
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of the red band of the PFS and appearance of local red zones (with high relative shear stress) at immediately below the
foundation corners. However, the trace of the red band as an indication of PFS still exists in the lower elevations of the
soil near the excavation toe. It is noteworthy that the local effects of strain localization at the corner of the building
foundation is ignored and the location of the PFS is mainly determined on the basis of shear band trace passing through
the excavation toe.

Figure 10 illustrates changes of PFS position in the soil body for different values of e. As seen, changing the building
distance from the excavation wall (e) has negligible effects on the PFS position. It can be realized that changing the
building width (B), does neither distinguishably alter the PFS position (Figure 11). In other words, the PFS resists against
changes in its position for different values of e and B of the building. Similarly comparing the PFS position for different
values of the foundation depth of the building indicated that increase in D values also has no noticeable effect on the
PFS position. Thus, it can be concluded that the PFS position is almost independent of the main parameters (i.e., B, D
and e) considered in the analyses.

e=0

e=6m

() (h) )

e=12m

(k) 0]
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Figure 10. Indication of potential failure surface for different values of e (B=30 m for all cases)
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B=24 m
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Figure 11. Indication of PFS for different values of B (e=4.5 m for all cases)

4.2. Building Rotation (0)

This section investigates variations of building rotation (8) because of excavation-induced deformations. Developing
a conceptual framework, in the first stage, the impacts of the location of a hypothetical building with respect to the PFS
(Figure 12a) on the building rotation are described based on the ground surface settlement profile in the free field model
(Figure 12b); 6 is calculated based on differential settlements of the mat foundation. Figure 12c illustrates 0 variations
of a hypothetical building with D=0 versus "e+B/2" for different values of B and e. Here, "e+B/2" is the distance of the
building foundation midpoint from the excavation edge. Comparison of the building rotation for different values of e
and B in Figure 12c implies that the rotation direction of the hypothetical building alters almost at e+B/2=20m,
corresponding to the point of maximum ground settlement in free field conditions (Figure 12b).

The location of the maximum settlement may correlate geometrically to the PFS location. In other words, for
e+B/2<20m the building mainly locates inside the PFW (where rotations are counter clockwise according to the ground
surface settlement profile). As e+B/2 exceeds 20 m the building tends to move outside the PFW, with smaller settlements
and yielding clockwise rotations. Thus, the rotation of the hypothetical building may correlate to its relative location
with respect to PFS.

This trend is also obvious for real buildings as were indicated in Figures 10 and 11, in which vertical black lines
under the buildings (in the figures related to total principal strain directions) show the location of building midpoint with
respect to PFS. It is of interest to compare the rotation direction of the corresponding building in the deformed mesh
figures with the position of the above vertical black line in Figures 10 and 11. It can be seen that in the presence of the
real building, zero rotation also occurs when e+B/2~=20m. This compatibility suggests that the building rotation is
highly dependent to its relative position with respect to the PFS.
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Figure 12. (a) Potential failure surface position in free field condition, (b) ground surface settlement profile together with slip
surface position in free field condition and (c) the hypothetical buildings’ rotation for different values of “e+B/2” in free field
condition

Settlement profiles versus e for different D values of hypothetical buildings in free field conditions are depicted in
Figure 13a. As D values increase, the corresponding soil volume and weight are removed and settlements decrease due
to the reduction in the failure wedge surcharge. The decrease in settlements leads to the reduction of differential
settlements and subsequently the rotations.

Figure 13b depicts variations of 0 versus e+B/2 for different values of D in free field conditions. The trend lines,
which have been fitted, represent the ground surface slope. As seen, higher values of D result in lower rotations, both
clockwise and counter clockwise, of the building.
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Figure 13. (a) Settlement profiles for different D values of hypothetical buildings in free field condition,
(b) The hypothetical buildings’ rotation for different values of D in free field condition
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In addition, by increasing embedment depth of the building (D), the part of the building which falls outside of the
failure wedge becomes relatively larger; compare together the positions of the building in depth D1 and D2 in Figure
14. 1t is obvious that as the D becomes larger the chance for clockwise rotation of the building increases.

Excavated

Figure 14. Effects of D on a building position with respect to the PFS

Given the above conceptual framework for the building-excavation interaction, which developed based on the free
field model, a series of parametric studies were carried out for different values of D, B, and e. Figures 15a, 15b, and 15¢
illustrate the building rotation (0) versus B and different e values for D=2 m, 4.5 m, and 6 m, respectively. According to
these figures for given D and e, 0 increases generally (i.e., switch to more a clockwise direction) as B becomes larger.
This was explained in Sec 4.1 (Figure 14) that the building moves toward the PFS boundary as B becomes larger. There
are a few exceptions (e.g., e=0 and 6 in Figure 15a and e=0 in Figure 15b) in which increasing of B from 12 m to 18 m
has rotated the building in counter clockwise direction. This is because in these cases, the building is still inside the PFS
with a safe margin; however, the weight of the building (due to enlarging B) has increased, and lead to rotation that is
more negative. This exception is suppressed as D increases in Figures 15c.
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Figure 15. Building rotation (0) for different values of B, D and e in the parametric study

Figure 15d, 15¢, and 15f present the same results of the parametric study in terms of the building rotation (8) versus
e+B/2 and different B values for D=2 m, 4.5 m, and 6 m, respectively. As seen, the results, including the trend lines,
follow the same general trend, and they are favorably comparable with the conceptual framework introduced in Figure
12c.

Moreover, the trend lines of 6 variations from the above three figures are redrawn in Figure 159, which compares
favorably with the conceptual framework for the free field model shown in Figure 13b.

4.3. Excavation Wall Horizontal Displacement (Uc)

We expect that U. be dependent upon B, D, e and more importantly building location with respect to the PFS. Plots
of Figure 16 assess the level of dependency of U, to each of the above variables. In this regard, Figures 16a, 16b and
16c¢ reveal two important findings, as follows. (1) Weight of the building (due to increasing of B while most part of the
building still inside the PFW) is responsible for the cases in which an increase in B is followed by an increase in Uc. (2)
Locating most part of the building (due to extension of the building width, B, beyond the PFS boundary) is responsible
for the cases in which an increase in B has led to a decrease in Uc. In other words in the latter, that part of B, and its
corresponding weight and stiffness, beyond the PFW has controlled and restricted horizontal movements of the
excavation.

Figures 16d, 16e, and 16f suggest that for a given B, horizontal displacement of the excavation crest, U,
proportionally decreases with D for all of the e values. The observed U, reductions by increase in D, is attributable to
two main reasons; i) the soil weight removal corresponding to the lowered depths of the building foundation which
cause surcharge reduction on the wedge , and ii) the fact that more parts of the building exit the PFW area due to smaller
failure wedge. It is instructive that for B=12m, in which B+e is less than the width of PFW, the variation of U, is almost
independent of e.
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Figure 16. Horizontal displacement of the crest (Uc) for different values of B, D and e of building

4.4. Maximum Settlement of Building (Sb)

Considering what we elaborated in Section 4.1 regarding the potential failure surface, PFS (Figures 10 and 11) and
Section 4.2 (building rotation, 0; Figure 12), one expect that like U, the maximum settlement of the building (Sp) be
dependent upon variables such as B, D, e, weight of the building, and its location with respect to the PFS. Another
parameter that may affect Sy, is the proximity of the building and particularly the location of its maximum settlement to
the supporting system of the excavation wall, as indicated in Figure 13a; the supporting system generally enhances the
global stiffness of the soil that limit the soil settlements in this area. Having all of the foregoing explanations in mind,
Figure 17 shows variations and dependency of S, with regard to the varying parameters of D, B, and e.

The values and trends of these variations can be explained and justified one by one, considering specific effects of
each influencing parameter. For the purpose of brevity, this explanation is not presented here.
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Figure 17. Maximum building settlement (Sp) for different values of B, D and e
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5. Conclusions

This paper presented results of a parametric numerical study to investigate building related parameters (i.e., building
width, B, embedment depth, D, and building distance from the excavation crest, e) affecting the interaction of an
anchored piled deep excavation in a relatively dense granular cementitious soil with a nearby framed building. The
numerical modeling approach in the parametric study was verified by a case study. Horizontal displacement of the
excavation crest (Ug), maximum settlement of the adjacent building (Sp) and rotation of the building (0) were
investigated in the parametric study. The main results drawn from this study are summarized, as follows:

« Building characteristics have little impact on the position of the potential failure surface, PFS, in the soil developed
by the excavation.

» The building position in relation to the potential slip surface is an important factor affecting rotations and
displacements of the building due to excavation. This factor provides a useful framework for interpretation and
prediction of the responses (8 and Sp) of the nearby building, as well as the excavation wall, U.

» The rotation of the building is interpreted based on the free field model. As long as the building locates inside the
potential failure wedge, the rotation is counter clockwise (for the geometry of this research). As the building moves
away from the excavation, its rotation reduces gradually and when the building distances more from the excavation
edge (i.e., some part of the building locates outside of the potential failure wedge, PFW), the building rotation
shifts to the clockwise direction.

« Increasing the building embedment depth, D, reduces width of the failure wedge at the level of foundation base.
In other words, increasing D has the same effects as of moving the building outward the failure wedge. This means
that for a given B, increasing D pushes the building toward outside of the PFW.

» The building's position relative to the potential failure surface together with the effective surcharge on the wedge
(weight of that part of the building inside PFW) and the building stiffness are responsible for the rotation, 0, and
settlement of the building, Sy, as well as the horizontal displacement of the excavation crest, Ue.
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