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ABSTRACT OF THESIS

DEFORMATION-BASED EXCAVATION SUPPORT SYSTEM DESIGN METHOD

Development in urban areas around the world has steadily increased in recent
years. This rapid development has not been matched by the ever decreasing open space
commonly associated with urban centers. Vertical construction, thus, lends itself a very
useful solution to this problem. Deep excavation is often required for urban construction.
Unfortunately, the ground movements associated with deep excavation can result in
damage to adjacent buildings. Thus, it is critically important to accurately predict the
damage potential of nearby deep excavations and designing adequate support systems.

A new design method is proposed, as an attempt, to address the problem. The
method is semi-empirical and directly links excavation-induced distortions experienced
by nearby buildings and the components of the excavation support system. Unlike, the
traditional limit equilibrium approach, the method is driven by the distortions in adjacent
buildings. It goes further to propose a preliminary cost chart to help designers during the
design phase. The benefit is that initial cost is known real time and will help speed up
making business decisions. A new design flowchart is proposed to guide the designer
through a step-by-step procedure.

The method is validated using Plaxis 2D (the finite element program) simulation.
Though the nature of deep excavation is three-dimensional, a plane strain condition is
valid when the length of the excavation is long. Hence, two-dimensional finite element
simulation was considered appropriate for this effort. Five hypothetical cases were
compared and the model performed very well. The lack of available literature on this
approach made verification difficult. It is hoped that future case histories will be used to
ascertain the veracity of the deformation-based design method.

KEYWORDS: Deep Excavation; Excavation Support System; Crack Width; Cost
Estimate; Ground Settlement Profile; 2D Finite Element
Simulation; Deformation.
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CHAPTER 1

1.0 Introduction

1.1 Background

Developmental projects involving deep excavation have become very popular
worldwide. Especially in urban and densely populated areas, vertical construction
lends itself as a solution to the ever the growing constraint on the availability of space
above the ground. The closeness to adjacent structures, therefore requires that these
excavation support systems be rigid to limit ground movements induced damages.
Stiff excavation support systems (such as secant pile walls, diaphragm walls, or
tangent pile walls) have been used successfully to limit ground movement-induced
damages. Several case histories exist for the use of stiff excavation support systems;
examples such as the use of secant pile walls for the construction of a subway station
(Finno and Bryson, 2002), cut-and-cover tunnel excavation (Koutsoftas et al., 2000),
and deep basement excavations (Ou et al., 2000; Ng, 1992); inter alios. The problem
of excessive excavation-induced damage associated with underground construction in
urban areas is a major concern, especially in soft clays and adjacent buildings with
shallow foundation. Excessive ground movements can lead to significant
displacements and rotations in adjacent structures, thereby causing damages ranging
from cosmetic to structural. Hence, an accurate prediction of the ground movements
related to deep excavation a critical step in the design and analysis of excavation

support systems.
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Traditionally, structural limit equilibrium controls the design of excavation support
systems. Despite the fact that this method prevents structural failure of the support
system, it however, does not limit ground movements. Thus, this approach does not
necessarily minimize the levels of damages in walls and structural members of
adjacent buildings. These limit equilibrium methods are based on expected apparent
earth pressure diagrams developed by Peck (1969) or Tschebotarioff (1951).These
pressure diagrams were from field measurement of strut loads, thus represent
conservative enveloped values. Using this approach, the support system is defined in
terms of the maximum anticipated earth pressure and governed by overall structural
stability. Therefore, the approach may not necessarily meet maximum horizontal or

vertical deformation limiting criterion.

Current state-of-the-art design methods relate excavation induced ground movements
to the stiffness of the support system, and then relate those ground movements to
damage estimates. However, these approaches are iterative in nature. They require the
designer to choose a wall design based on structural stability considerations, and then
estimate the ground movements. Severity of the possible damage is then inferred
from the estimated ground movements. The entire process is iterated until acceptable
damage levels are obtained. Very few authors have proposed methods to quantify
excavation-induced damage to adjacent structures (Boscardin and Cording, 1989;

Boone, 1996; Son and Cording, 2005; Bryson and Kotheimer, 2011).

The method proposed in this thesis will invert the aforementioned limit equilibrium-
based design approach. It presents a means to directly design excavation support

systems based on an approach that first considers acceptable excavation-induced
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damage and the corresponding deformations, and then satisfies the structural stability

requirements.

1.2 Proposed Method

Previously mentioned is the fact that current methods satisfy structural stability
first and then check for deformation compliance. The difficulty with this is that it
does not guarantee acceptable levels of damage in adjacent buildings due to

excavation-induced ground movements.

In this research, a new deformation-based method (inverse design approach) is
proposed to design excavation support systems which will ensure limited damages in
adjacent buildings. In essence, it first achieves deformation compliance and then
structural stability, as opposed to the converse. The approach was developed from
parametric studies of several configurations of deep excavation support systems. This
approach also addresses the issue of the iterative process associated with the
traditional approach, and provides a streamlined excavation support system design
option. Additionally, it provides insight into the cost implications of choices that the
designer will be faced along the design process by providing a preliminary cost

estimate. Thus, yielding not only an acceptable design, but also a cost-effective one.

1.3 Objectives of Research

The aim of the research is to propose a deformation-based approach (i.e. inverse
design) that will produce acceptable levels of damage in adjacent structures while

controlling cost.
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1.4

To achieve this goal, the following will be done:

e Develop a design flow chart that will guide the designer through the entire
process. It will allow the engineer/designer to achieve acceptable damage to
adjacent buildings, size walls and supports and develop preliminary cost
estimates during the design the process.

e Develop a two-dimensional simulation in Plaxis 2D as a basis for evaluating
the validity of the proposed method.

e Develop a new deformation-based methodology using existing formulations
that will link deformations in adjacent structures to the components of the
excavation support system.

e Develop a new cost chart that will be used as a guide to inform the designer

about cost-benefit analysis with respect to options available during design.

Relevance of Research

The uncertainty associated with the traditional approach of designing for
structural stability and then checking for deformation leaves much to be desired. In
essence, a structurally stable excavation support system may still lead to costs
associated with unacceptable damage in adjacent buildings. Failure costs associated
with deep excavations is estimated in monetary terms to be between 5-10 percent loss
of effectiveness compared to 2-3 percent net profit (Van Staveren, 2006). This is
understandable given the complicated nature of the soil-structure interaction of
excavation support systems and the excavation-induced ground movements (Ou et al.,

2000; Lin et al., 2003; Zdravkovic et al., 2005; Finno et al., 2007). Although much
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research has been done concerning crack width measurements; excavation-induced
deformation; ground settlement profiles related to deep excavation and tunneling;
soil-structure interaction and building stiffness and geometry, these efforts tend to be
stand-alone in nature. This research, therefore, attempts to put all the various
components together in a more coherent manner. It is highly anticipated that this new
approach will prove useful in designing excavation support systems that yields
acceptable damage in adjacent buildings. Finally, it is intended that this study will
directly link cost of an excavation support system to induced damages in adjacent

buildings.

15 Content of Thesis

In Chapter 2, the current state-of-practice is presented. It reviews available
literature on excavation-induced deformation; soil-structure interaction; stiffness of
adjacent buildings; stiffness of excavation support systems; crack width
measurements and ground settlement profiles. Additionally, it will attempt to

highlight the deficiencies with current practices which can be improved.

Chapter 3 presents the analytic approach and development of the deformation-based
design approach. All the formulations and charts developed are presented within this

chapter as well.

Chapter 4 focuses on the sensitivity analyses of the various parameters used in the
development process. Various elements of the excavation support system are varied

and the effects on pertinent items are presented.

www.manaraa.com



Chapter 5 presents the evaluation of the performance of the proposed method. This is
done by comparing the output of a finite element model of a two-dimensional deep
excavation using the Plaxis 2D software package. Additionally, a simple statistical

inference is constructed using the data from the predicted deformation values.

Chapter 6 summarizes the research and presents the overall conclusions.
This chapter also presents recommendations on how to further research in damage to

adjacent structures caused by nearby excavations.
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CHAPTER 2

2.0  Technical Background

2.1  Current State-of-Practice of Excavation Support System Design

Typically, excavation support system design starts by first sizing all the elements
of the support system to satisfy limit equilibrium requirements; and then checks are
conducted for excavation-induced ground movements. By the traditional approach,
pre-determined limits of acceptable ground movements are set prior to performing the
support system design. These limits are usually set in accordance with the governing
building codes being enforced for the excavation or are based on an approach that is
specific to the design engineer. In the scenario where the pre-defined ground
movement is exceed by the support system, available options are to increase various
structural sections of the system or to reduce the vertical and horizontal support
spacing, or a combination of the two. Figure 2.1 is a schematic of the iterative process

involved in the traditional design of excavation support system.
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Figure 2.1 Schematic of traditional excavation support system design.
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where P, is ultimate strut load; S, is section modulus of support wall; oM is design

n

moments of reinforced concrete wall; M, is applied wall moments.

u

2.2  Excavation Related Damage

The current state of excavation support system design methods, first and
foremost, satisfy structural stability and then check for deformation compliance.
Inherently, this approach does not guarantee the safety of nearby infrastructure. The
most efficient method, thus, will be to design the excavation support system in such a
way as to prevent damage to adjacent infrastructure. Several researchers (Boone,
1996; Finno et al., 2005; Son and Cording, 2005, 2008; Bryson and Kotheimer, 2011)
have linked damage in buildings adjacent to excavations, to vertical ground
movements. Of particular concern are buildings on shallow foundations (Son and
Cording 2008). The aforementioned researchers’ approach typically relate semi-
empirical damage criteria to building distortions. These excavation-induced
distortions are then related to the changes in ground slope. Using settlement profiles,

changes in ground slope can be predicted given the maximum settlement value.

2.3 Basal Stability of Excavations in Clays

Ground movements adjacent to deep excavations occur in response to lateral
deflections of the excavation support system. In soft clay, these movements are
influenced by the stiffness of the support system, the soil and groundwater conditions, the
earth and pore-water pressures, and the construction procedures. Additionally, lateral

movements of an excavation support system tend to increase dramatically as a result of
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plastic yielding in the soil beneath and surrounding the excavation. The extent of the
plastic yielding can be quantified with the use of factor of safety against basal heave.
Basal stability analyses can be carried out using limit equilibrium methods that assume
two-dimensional conditions and are based on bearing capacity (Terzaghi, 1943) (Figure

2.2).

L

Figure 2.2 Factor of safety against bottom heave without wall embedment depth (Terzaghi,
1943a).

Based on section jihg in Figure 2.2, Terzaghi (1943a) assumed a failure surface of infinite
length for wide excavation and provided the following as the factor of safety against

bottom heave:

_ SuNc
(heave) = (75 +qs/He _Su/BI)He

FS (2-1)

where s, is undrained shear strength of soil; N_ is bearing capacity factor for clay

c

(which is equal to 5.7 thus assumes perfectly rough interface between soil and

10
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foundation); y, is unit weight of soil; q,is surface surcharge; H, is depth to bottom of
excavation; T is thickness of the clay below the base of the excavation; B is width of cut;
and B' is limited to B/\/Eor T, whichever is smaller. Clough et al. (1989) used

Equation (2-1) to relate maximum lateral movement to excavation support system
stiffness. The most common bearing capacity methods were developed before the
introduction of stiffer in situ wall systems such as diaphragm walls and secant piles. As a
result, these methods ignore the effect of the depth of the wall penetration below the base
of excavation, soil anisotropy, and other factors. Ukritchon et al. (2003) presented a
modified version of the Terzaghi (1943) factor of safety against basal heave that included

the effects of the wall embedment (Figure 2.3).

Figure 2.3 Factor of safety against bottom heave with wall embedment (Ukritchon et al.,
2003).

11
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The expression for the factor of safety against basal heave is given by:

N H/BhW?2 2s,(D/B
Fsbh:Sub c+( / );/;Sueq-i_ Sub( / ) (2_2)

e

where D is depth of embedment; H is height of support wall; s, is shear strength of soil

below bottom of cut; s, is the equivalent undrained shear strength if soil is layered; all

other terms have their previous meaning. The terms s, N, and (H/BW2s,,, represent the

ueq

shear capacity and the shear resistance of the soil mass, respectively, and 2s,(D/B)

represents the adhesion along the inside faces of the wall assuming a rough surface.

2.4 Ground Movement Distributions

Several researchers have proposed methods for estimating ground movement
distributions around deep excavations (Clough and O’Rourke 1990; Hsieh and Ou 1998;
Kung et al., 2007; Ou and Hsieh, 2001). Clough and O’Rourke (1990) described the
general deflection behavior of the wall in response to the excavation and the resulting
surface settlement profile adjacent to the excavation. At early phases of the excavation,
when the first level of lateral support has yet to be installed, the wall will deform as a
cantilever. Settlements during this phase may be represented by a triangular distribution
having the maximum value very near to the wall. As the excavation activities advance to
deeper elevations, horizontal supports are installed restraining upper wall movements. At
this phase, deep inward movements of the wall occur. The combination of cantilever and
deep inward movements results in the cumulative wall and ground surface displacements.
If deep inward movements are the predominant form of wall deformation, the settlements

tend to be bounded by a trapezoidal displacement profile as in the case with deep

12
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excavations in soft to medium clay; and if cantilever movements predominate, as can
occur for excavations in sands and stiff to very hard clay, then settlements tend to follow
a triangular pattern. Similar findings were presented by Ou et al. (1993) and Hsieh and
Ou (1998), who based on observed movements of case histories in clay, proposed
spandrel and concave settlement profiles. Ground movements parallel to the excavation
are often not looked when designing the excavation support system. Smaller ground
movements at the corners of the excavation and larger movements at the center of the
excavation are often found due to the higher stiffness value at the corners of the
excavation. Roboski and Finno (2006) proposed parallel distributions of settlement and
lateral ground movement for deep excavations in soft to medium clays. The parallel
distribution profiles were based on optical survey data obtained around a 12.8-m-deep
excavation in Chicago supported by a flexible sheet pile wall and three levels of
regroutable anchors. They found that when using the complementary error function
(erfc), just geometry and maximum movement parameters are necessary for defining the
parallel distributions of ground movement. Although the distribution was derived from
observations of flexible wall excavations, it has been reported by Roboski and Finno
(2006) that it can predict with reasonable agreement the ground movement profiles for
stiffer walls. Special attention is needed in excavations where there are larger diameter
utility pipes, buildings with stiff floor systems, buildings supported on deep foundations,
and deep foundations between the building and the excavation because they provide
restraint for the movements and consequently will affect their distribution. Roboski and
Finno (2006) concluded that the complementary error function approach is applicable to

excavations where the induced ground movements can develop with little restraint.

13
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2.4.1 Maximum Lateral Wall Deflection

Maximum wall deflection, induced by excavation, is commonly estimated
through empirical and semi-empirical methods (Mana and Clough, 1981;
Clough et al., 1989; Wong and Broms, 1989; Hashash and Whittle, 1996; Addenbrooke
et al., 2000; Kung et al., 2007). The current state-of-the-practice for preliminary
estimation of the maximum lateral wall deflection for clays employs the Clough et al.

(1989) design chart. It allows the user to estimate lateral movements in terms of effective
system stiffness (EI / 7st) and the factor of safety against basal heave. where E is
Young’s modulus of elasticity; | is moments of inertia; y, is unit weight of water; and s,

is average vertical strut spacing. The factor of safety against basal heave used in the
Clough et al. (1989) work is that given by Terzaghi (1943). The Clough et al. (1989)
chart was created from parametric studies using two-dimensional plane strain finite
element analyses of sheet pile and slurry (i.e. diaphragm) walls. Unfortunately, the chart
was developed using a limited number of wall types and configurations. Furthermore, the
chart does not take into consideration the three-dimensional nature of the excavation.
Bryson and Zapata-Medina (2012) proposed a new relative stiffness ratio to address the
deficiencies of the Clough et al. (1989) chart. Although the ratio was originally termed
relative stiffness, it actually describes the flexibility of the support system. This new ratio
was formulated using dimensional analysis of the excavation support system stiffness

problem and is given as:

Rzi.sh’sv'H _j/sHe

E | S

(2-3)

u

14
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where Ris relative stiffness ratio; E,is reference secant Young’s modulus at the 50
percent of the stress level, E in Appendix A; s, is average horizontal support spacing;
all others have their previous definitions. The termsE,/E, s,s,H/l and, ».H./s, in

Equation (2-3), represent the relative stiffness resistance, the relative bending resistance,
and the excavation stability number, respectively. The relative stiffness ratio was
compared with data obtained from a three-dimensional finite element parametric study.
The parametric study consisted of a three-dimensional system model and three-
dimensional ground movements. Figure 2.4 presents the maximum lateral wall
displacements obtained from the parametric study versus R for different factors of safety
against basal heave. In the figure, the lateral movements are normalized with respect to
the height of the wall, H, and the factors of safety are calculated using Equation (2-3),
which includes the effects of the wall embedment depth below the base of excavation.
Figure 2.4 allows the designer to predict maximum lateral wall movements for deep

excavations in cohesive soils based on simple soil data and excavation geometry.
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Figure 2.4 Relative Stiffness Ratio Design Chart (Bryson and Zapata-Medina 2012).

max

where S,y IS maximum horizontal ground movement.

2.4.1.1 Ground Settlement Profile as a Function of Wall Stiffness

Bryson and Zapata-Medina (2012) proposed a relationship between relative
stiffness ratio and the excavation-induced vertical deformation profile. Figure 2.5 pictures
the proposed perpendicular settlement profiles at the centerline of the excavation for stiff,
medium, and soft clays, respectively. In the figures, the settlement and distance axes are
normalized with respect to the maximum settlement and depth of excavation,
respectively. Note that the coordinates that define the settlement profiles are dependent of
the relative flexibility of the system represented by, R . It was observed that excavations

with similar relative stiffness ratio have similar settlement distributions.
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2.4.2 Maximum Vertical Ground Settlement

Correlation can be drawn between excavation-induced settlement and lateral wall
deformations can be made by evaluating case history data. Researchers (Clough et al.,
1989; Hsieh and Ou, 1998; Finno and Roboski, 2005; Kung et al., 2007; Ou and Hsieh,
2011) have reported that the maximum ground settlement adjacent to deep excavations is
directly related to the maximum lateral displacement of the support system. These
researchers generally conclude that the maximum excavation-induced ground settlement

can be estimated from the maximum from the maximum lateral displacement from the

relationship:
5V(max) = 6xa‘H (max) (2'4)
where &y Is maximum vertical settlement of ground; 6, is maximum lateral

displacement of excavation support system; « is deformation ratio. Both Clough and
O’Rourke (1990); and Hsieh and Ou (1998) reported that the ratio varied between 0.5 and
1.0 (Figure 2.6). The value depends on the soil conditions, construction method, and wall
stiffness. Figure 2.6 represents case history plot of the maximum wall deflection versus
maximum ground surface settlement, with both axes normalized with respect to the

height of the excavation, H,.
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Figure 2.6 Relationship between maximum ground settlement and maximum lateral wall
deflection (Ou et al., 1993; Hsieh and Ou, 1998).

Finno et al. (2002) found that for undrained unloading conditions in saturated soils the
lateral deformation envelop closely matched that of the ground settlement. For the current
study, a relationship between maximum settlement and maximum lateral deformation,
based on case history data, was sought for input into the proposed design methodology.
Bryson and Zapata-Medina (2007) presented a case history data for several excavations
found in literature. A listing of the case history information is given in Table 2.1. Note
that the case data presented in Table 2.1 is divided into stiff, medium, and soft clay on the

basis of undrained shear strength found at the bottom of the excavations. Soft clay is
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defined as clay deposits with undrained shear strengths between 0 kPa to 25 kPa.
Medium clay is defined as undrained shear strengths between 25 kPa and 50 kPa, and
stiff clay are deposits with undrained shear strengths greater than 50 kPa. Table 2.2 is a
summary of the geometric, soil and support system parameters for the case histories.

Additional details of the case history data can be found in Zapata-Medina (2007).

Table 2.1 Case History Data (Bryson and Zapata-Median 2007).

Soil wall  Sv  Sh s su | E
Type C3° Reference Type [m] [m] [KN/m?] [kPa] [mYm] [GPa] o™
st1 Ng (1992) Diaph. 32 15 20 120 001800 31  3.73

Burland and Hancock
st2 (1977) Diaph. 32 32 20 170 006075 27.6 3.99

St3 Hsieh and Ou (1998) Diaph. 33 33 19 765 0.06075 276 1.26

St4 Poh et al. (1997) Diaph. 4.3 6 20.75 80 0.01800 NA  2.05
>
8 St Ou and Shiau (1998) Diaph. 33 33 19.7 50 0.01800 12 151
E
n St6 Whittle et al. (1993) Diaph. 3 slab 20.24 91 0.06075 23 1.32
St7 Liao and Hsieh (2002) Diaph. 2.65 1.92 20 775 0.04267 276 1.38
St8 Liao and Hsieh (2002) Diaph. 2.33 1.85 20 65 0.14400 276 0.99
Becker and Haley
St9 (1990) Diaph. 3.35 slab 18 70 0.03516 232 121
St10 Ulrich (1989) Secant 245 245 20.1 140 0.03516 27.6 3.62
M1 Ou et al. (1998) Diaph. 34 slab 18.9 50 0.06075 27.6  0.96
Finno and Roboski
M2 (2005) Sheet 4 2.29 19 36 0.00025 200 1.08
Finno and Roboski
M3 (2005) Sheet 4 2.29 20 36 0.00025 200 0.80
- M4 Hsieh and Ou (1998) Diaph. 2.85 2.85 19 475 0.04267 276 097
5 Steel-
c M5 Miyoshi (1977) Conc. 27 27 19 42 0.04267 276 0.99
>
g M6 Finno et al. (1989) Sheet 25 25 19 30 NA 200 1.10
M7 NGI (1962) Sheet 1.7 1.7 19 30 NA 200 1.16
Clough and Buchignani
M8 (1981) Diaph. 3 3 17 44 0.08333 25 0.98
M9 Wang et al. (2005) Diaph. 4 3 18 35 0.04267 NA 0.85
M10 Peck (1969) Sheet 1.68 1.68 19 27.5 NA 200 1.35
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Table 2.1 cont.

Soil  ase Reference Wall Sv Su ¥s Su

Type Type  [m] [m] [kNm]  [kpay ' [MYmI

[GPa] o

Sol Finno et al. (2002) Secant 3.8 6.1 19.1 20 0.06075 12.65 0.59

So2 Goh et al. (2003) Diaph. 2.5 9 17.6 10 0.04267 30 031

So3 Hu et al. (2003) Diaph. 3.5 9 18 22 0.04267 217 0.73
Gill and Lukas
So4 (1990) Sheet 25 25 19 22.7 NA 200 1.93

So5 Teparaksa (1993) Sheet 25 25 16 13.5 0.00025 200 0.62

Soft Clay

So6 Baker et al. (1987) Diaph. 275 2.75 19 215 0.03658 26 0.93

So7  Konstantakos (2000) Diaph. 3.65 3.65 19 45  0.03658 26 1.25

Clough and
So8 Buchignani (1981)  Soldier 3 3 17 25  0.03516 26 1.69
So9 Kort (2002) Sheet 775 7.2 14 20 NA 200 1.63
Koutsoftas et al.
S010 (2000) Soldier 3.3 6 16.5 25 0.06280 276 1.42

where s, is average vertical strut spacing; s, average horizontal strut spacing; ,_ is unit

weight of soil; s, is undrained shear strength of soil; I is moments of inertia of support

wall; E is Young’s modulus of inertia of support wall; and FSbh is factor of safety against

bottom heave. Table 2.2 presents further information about the excavation support
systems given in Table 2.1. Figure 2.6 shows the maximum lateral movements as a
function of the maximum vertical movements for the case histories. In Figure 2.7 the
maximum lateral deformations are normalized with respect to the depth of wall and the
maximum vertical movements are normalized with respect to the depth of the excavation.
Bryson and Zapata-Medina (2007) reported that lateral deformations tended to be more
influenced by the physical characteristics of the support system (i.e. length of wall, wall
stiffness, etc.) while vertical deformations tended to be more influenced by the soil

behavior.
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Table 2.2 Case History Data (Bryson and Zapata-Median 2007).

H 6H(max) 6V(max)
TS O”e Case Reference ¥V alé [m“l/m] [GIEDa] ?mmﬁ) ?Vm(Tna? H /He  FSpn
P P [%] (%]
St1 Ng (1992) Diaph.  0.01800 31 17.66 10.13 0.108 0.106 3.73
Burland and Hancock
St2 (1977) Diaph. 0.06075 27.6 24.06 19.53 0.080 0.106 3.99
St3 Hsieh and Ou (1998)  Diaph. 0.06075  27.6 124.76 77.76 0.378 0.389 1.26
St4 Poh et al. (1997) Diaph.  0.01800 NA 10.02 NA 0.072 2.05
z St5 Ou and Shiau (1998)  Diaph.  0.01800 12 44,53 NA 0.194 151
§§ St6 Whittle et al. (1993) Diaph.  0.06075 23 53.61 45.00 0.209 0.223 1.32
b Liao and Hsieh
St7 (2002) Diaph. 0.04267 27.6 81.37 NA 0.301 1.38
Liao and Hsieh
St8 (2002) Diaph. 0.14400 27.6 54.30 NA 0.143 0.99
Becker and Haley
St9 (1990) Diaph. 0.03516  23.2 47.26 101.60 0.182 121
St10 Ulrich (1989) Secant  0.03516  27.6 14.75 NA 0.074 3.62
M1 Ou et al. (1998) Diaph. 0.06075 27.6 106.51 77.18 0.304 0.392 0.96
Finno and Roboski
M2 (2005) Sheet  0.00025 200 43.23 NA 0.262 1.08
Finno and Roboski
M3 (2005) Sheet  0.00025 200 63.48 74.00 0.334 0.578 0.80
K5 M4 Hsieh and Ou (1998)  Diaph. 0.04267 27.6 62.61 43.16 0.202 0.235 097
o Steel-
% M5 Miyoshi (1977) Conc. 0.04267  27.6 17656  152.42  0.552  0.897 0.99
§ M6 Finno et al. (1989) Sheet NA 200 17264 25570 0.899 2.096 1.10
M7 NGI (1962) Sheet NA 200 22358 20000 1.397 1818 1.16
Clough and
M8 Buchignani (1981) Diaph.  0.08333 25 28.25 NA 0.093 0.98
M9 Wang et al. (2005) Diaph.  0.04267 NA 48.12 30.90 0.127  0.150 0.85
M10 Peck (1969) Sheet NA 200 228.87 21000 1635 2471 1.35
Sol Finno et al. (2002) Secant  0.06075 12.65 38.13 27.43 0.208 0.225 0.59
So2 Goh et al. (2003) Diaph.  0.04267 30 38.55 NA 0.124 0.31
So3 Hu et al. (2003) Diaph. 0.04267 21.7 15.39 7.00 0.073 0.061 0.73
So4  Gill and Lukas (1990)  Sheet NA 200 83.27 NA 0.496 1.93
=z So5 Teparaksa (1993) Sheet  0.00025 200 123.65 NA 0.687 0.62
2 So6 Baker et al. (1987) Diaph.  0.03658 26 37.39 37.00 0.204 0435 093
o
N So7 Konstantakos (2000)  Diaph.  0.03658 26 3.63 NA 0.026 1.25
Clough and
So8 Buchignani (1981) Soldier  0.03516 26 107.06 NA 0.351 1.69
S09 Kort (2002) Sheet NA 200 385.38 NA 2.028 1.63
Koutsoftas et al.
So10 (2000) Soldier 0.06280  27.6 48.10 30.20 0.117 0.231 142

where 5H(max) IS maximum lateral wall movement; and 5V(max) IS maximum vertical

ground settlement.
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Subsequently, the soil behavior at deep excavations is typically influenced by the depth

of excavation.
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Figure 2.7 Case history plot of S [H (%) VS 8, g /H. (%) (Bryson and Zapata-Medina,
2012).
The purpose of Figure 2.7 is to show that it is possible to predict maximum lateral
deformation based on input values of the maximum settlement. Subsequently, the
maximum lateral deformations can be used to estimate the required support wall stiffness.
This is a reasonable approach given the fact that other researchers (open excavations:
Peck, 1969; Clough and O’Rourke, 1990; settlement troughs above tunnels: Attewell et
al., 1986), have shown that settlement and horizontal strain profiles may be imposed on

the foundation slab. It is, however, noted that estimating excavation-induced settlement
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from lateral deformations may yield conservative results since many of the studies were
based on free-field condition; whereas the existence of the building may reduce the effect
of both the slope and maximum settlement compared with the greenfield condition

(Namazi and Mohamad 2013).

Alternatively, the maximum excavation-induced settlement and lateral wall deformation
can be correlated through R and FSpn using the numerical data produced by Bryson and

Zapata-Medina (2012) as shown in Figure 2.8.

1.2
B! & Soft Clay (/S = 0.62)
] / @ Medium Clay (FS = 1.40)
LO ¥ AT | [ @ Stiff Clay (FS = 3.52)
0.9 ] _‘__’fgh’rnur)' .
- 08 + | . i 6J’|'mmi_-"l;‘! 1 (%) =0.725 [[(sh’l’mm?f!f 1 )X RxFS ](m‘
2 ] q 0N
o074 ¥
N 1 S
m U 6 :_ ] 0.241
<0 8y H (98) = 0.289 (6, H ) x R x S |2
$05
=
04 Syt H (99) = 0.045((8, )X RXFS]™
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02 +
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. 0 ~ - = & SR et} iz} e
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Figure 2.8 Correlation between 5H(max) and 5V(max) as a function of R and Fs,, (Bryson

and Zapata-Medina 2012).

where all the symbols have their previous definitions.

The maximum settlements and lateral wall movements computed from the FE

simulations were plotted as shown in Figure 2.3(b) where the x and y-axes are
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(Sumwo/H)xRxFs,, and s, -/H1, (%), respectively, and condensed into a single

equation:

) 3
—m29 (o) = 0507 4 0gg || Znemd R Fs,,
H FSn H

e

(0.309-0.05-FSy;, )
} (2-5)

Equation (2-5) relates 5V(max) and 5H(max) at the center line of deep excavations in

cohesive soils including the effects of the factor of safety against basal heave and the
relative stiffness ratio, which takes into account the three-dimensional nature of the

excavation.

2.5  Quantifying Deformation

Skempton and MacDonald (1956) established correlations between maximum
angular distortion, maximum settlement, and maximum differential settlement. These
relationships were based on case history data of 98 steel and reinforced concrete frame
buildings, out of which 40 experienced damage. Their damage criterion was “angular
distortion”, which is the ratio of the differential settlement, 6, between two points divided
by the distance between them, /, minus the rigid body tilt of the structure. Empirical limits
of 1/300 for preventing cracks and 1/150 for avoiding structural damage were selected.
Skempton and MacDonald (1956) further recommended that angular distortions in excess
of 1/500 is detrimental and should be avoided when possible, and that the limit be

decreased to 1/1,000 to rule out all damage.

Son and Cording (2005) proposed an amendment to the concept of angular distortion as a
direct damage criterion. By dividing angular distortion () by the relative ground slope,

the relative behavior of the building and the ground is, thusly, accounted for. They
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reasoned that buildings with high stiffness will have deformation path, which may differ
from ground deformation. In a similar fashion as Burland and Wroth (1975), Son and
Cording (2005) measured angular distortion by deducting the tilt effect from the slope of
the bay under consideration. Son and Cording (2007) report that the onset of cracking in
structures with relatively high bending to shear-stiffness ratios; (i.e. masonry structures
with openings, such as windows and doors), is predominantly controlled by shear
deformation. Supplemental recommendations on angular distortion, which related the
magnitude of angular distortion to various damage types, was provided by Bjerrum

(1963).

Burland and Wroth (1974) used beam-bending theory to develop limiting relative
deflections of masonry and brick walls at critical tensile strains of 0.075% for varying
length to height (L/H) ratios and building stiffness. Relative deflection, A/L, is defined as
the ratio of the deflection to the length of the deflected portion. The deformed shapes of
buildings subjected to ground settlement, Burland and Wroth (1974), defined “hogging”
for concave downward deflection profiles and *“sagging” for concave upward profiles.
Finno and Bryson (2002) noted that self-weight movements of buildings generally result
in sagging profiles; while, movement due to excavation may result in sagging, hogging,
or both in adjacent buildings. They also indicate that the type of settlement profile will
lead to more prohibitive limits in a structure, particularly for hogging buildings. Finno
and Bryson (2002) reasoned to this end citing the Canadian Foundation Engineering
Manual (1992), which recommends limiting angular distortions to 1/1,000 for
unreinforced load bearing wall that sags and 1/2,000 for a hogging one. Furthermore they

noted that, the aforementioned results may not, necessarily, be applicable to excavation-
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induced movements within adjacent buildings. Table 2.3 provides a summary of these

studies.

Table 2.3 Damage criteria based only on self-weight settlement.

Angular Distortion(f)

Skempton Polshin

Meyerhof and and Bjerrum
Type of Damage Meyerhof (1947) (1956) MacDonald  Tokar (1963)
structure Type (1956) (1957)
Frame Structural 1/250 1/150 1200 1/150
structures and
reinforced  Cracks in 1/500 1/300 1500  1/500
bearing walls  walls
Unreinforced
load bearing Onset_ of 1/1,000
cracking
walls
Relative Deflection(A/L)
Unreinforced
load bearing Onset_ of 1/2,500
cracking
walls
. Onset_ of Polshin and Tokar (1957)
Load bearing  cracking
brick or For
concrete block  L/H>5 1/2,000 to 1/1,400
walls For
L/H<3 1/3,300 to 1/2,500

Polshin and Tokar (1957) used the concept that the onset of visible cracking (the start of
observable damage) maybe associated with a limiting or critical strain. Later, Burland
and Wroth (1974) applied the idea of a critical tensile strain to the initial visible cracking
of a simple beam. They proposed a damage criteria, based on visible cracks, following
the work of other researchers (such as economic consequences of heave of buildings on

swelling clays: Jennings and Kerrich 1962; simplified classification of subsidence
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damage: The U.K. National Coal Board 1975; MacLeod and Littlejohn 1974). Table 2.4

is a summary of the criteria which was developed with emphasis on ease of repair.

Table 2.4 Damage criterion based on visible crack width (after Burland et al., 1977).

Category Degree of damage

Alc (mm)

0 Negligible

Slight
Moderate
Severe

o b~ W DN

Very Slight

Very Severe

<01

*1

*5
5to0 15
15t0 25

>25

Boscardin and Cording (1989) also used angular distortion to quantify excavation-

induced damage to adjacent structures. Their method, unlike previous studies, took into

consideration the importance of horizontal strains. Based on damage severity criteria

proposed by Burland and Wroth (1977), they utilized case history data to correlate

angular distortion and horizontal strains as shown in Figure 2.9.
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Figure. 2.9 Relationship of damage to angular distortion and horizontal extension strain
(Boscardin and Cording, 1989).

The corresponding values for angular distortion and horizontal extension strains are
tabulated on the basis of the severity criteria proposed by Burland and Wroth (1974) and

presented by Boone et al., (1998) and shown on Table 2.5.

Table 2.5 Damage criteria based on angular distortion and horizontal extension strain (after
Boone et al., 1998).

Damage Angular distortion # Horizontal strain
category x 10° e X 107
Negligible >=1.1 >0.5
Very Slight ~1.1<Bp<=16 0.5<en<0.75
Slight ~1.6<B<=~33 0.75<en<15
Moderate ~33<P<=6.7 1.5<en<3.0
Severe >=6.7 >3.0
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Boone et al. (1998) argue that the concept of angular distortion, as well as deflection
ratio, is simple and do not consider real differences in structure responses, which depend

on building height, length, and construction materials.

2.6 Deformation Models

Current methods used in analyzing damage caused to adjacent buildings due to
ground displacement from nearby excavation include; Deep Beam; Laminate Beam; and
Thick Plate Models. The oldest and most popular of these analytical approaches is the
deep beam model. The full development of the deep beam model will be presented and
utilized in subsequent sections of this research, while the other two will be touched upon

slightly.

Finno et al. (2005) proposed the laminate beam model, pictured in Figure 2.10, which
utilizes an extension of the equations from Burland and Wroth (1975. Finno et al., (2005)
used the concept of complementary virtual work to relate deflection ratio to tensile

strains.
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Figure 2.10 Laminate beam of structure (Finno et al., 2005).

The model comprises of a multistory building with floor slab, infill wall, and columns in
analyzing a building’s response to excavation-induced ground movement. Within the

model, infill walls resist shear deformation while the floor resist the bending moment

deformation.
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Using the case of simply supported beam, Finno et al. (2005) related limiting deflection
ratio to bending strain at the top, &), bOttom, &y (yenom), and the maximum diagonal

tensile strain, ¢, :

Al o1 L El
L _12(1—&)(?)+ GAL(L-A)H }gb(“’p) 0)
A_ _L(L}L . .
L - _122 H @Lﬂ,H b(bottom) ( - )
%z LZ(G%?i N (Sﬁi ’ (2-8)
24E1'1  2ViGA,
R VARY

where i is floor number; H is height of building; A, is area of floor slab contributing to
bending resistance; n, is location of the floor measured from the bottom of the laminate
beam; A, is the area contributing to shear resistance; |is moment of inertia of the beam;
v, Is the ratio of shear in each story; V is the total shear in the laminate beam; and 1 is

the ratio of the distance from the neutral axis to the bottom on the beam to its height. The
interested reader is referred to Finno et al. (2005) for further details on the development
of the method. Finno et al. (2005) noted the simply supported beam assumption does not
hold for all situations or excavation-induced ground movements, including conditions
such that the building undergoes both sagging and hogging modes of deformation shown

in Figure 2.11. To correct this, an additional strain term, ,__ (i.e. the difference between

the slope and the rigid body rotation), was added to the shear strain due to the simply

supported beam condition. Thus, they modified Equation (2-8) to Equation (2-9):
32
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SAG HOG

Figure 2.11 Dual modes of deformation of a beam (Finno et al., 2005).

a_|E@A), (GA) |
L v

_ vV —— Veriti — 7add) (2-9)
24E11 2YiGA
Vv Vv

where 7,4 =|M—o|(m is the slope; and .., is the rigid body tilt); and ,_, is the critical

shear strain. The output of the model is deflection ratio based on the bending and shear
stiffness of the system. The difficulty in using the model is that, it uses specific material
information which are usually absent from case history data. Also, some users may find it

a bit complicated (Halim and Wong, 2012).

Namazi and Mohamad (2013) proposed the thick plate model to address two situations;
namely when the building facades are not within the same plane as the retaining wall, and
when path of the tunnel underneath an existing structure is oblique to the structure. In
both cases, the model stipulates a 3D mode of deformation, with additional modes of

deformation such as twisting or warping and horizontal extension in the out-of-plane
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direction. The model assumes a simply support beam and the entire building (i.e.
including components such as structural design, foundation, and geometry) is treated as a
rectangular thick plate as shown in Figure 2.12. The maximum deflection, A, is measured

at the center of the deformed parabolic surface.

Figure 2.12 Thick plate model idealization of real building (after Namazi and Mohamad,
2013).

In the Figure 2.12, b is the length; a is the width; and h is the height. To establish the
critical strain using a relationship between deflection ratio and beam geometry, Namazi
and Mohamad (2013), following the findings of Burland (1995), assumed that the

analysis is insensitive to the loading type. By employing third-order shear deformation
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plate theory (TSDT) (Levinson, 1980), that enables the variation of shear strains across

the depth of the structural panels unlike Timoshenko’s first-order shear deformation

theory (FSDT) [which assumes a constant shear strain across depth (Burland and Wroth,

1974; Finno et al., 2005; Netzel, 2009)], an expression for the deflection of the thick plate

was derived .

Height 4  First-order (y,=aV/4G)
I Third=order
™ C (omdy/d)

Bended cross section owing to shear
alone (bending moment that cause

mutual rotation of adjacent cross
section 1s removed)

'Y

Shear Strain

Figure 2.13 First-order and Third-order deformation theories (Namazi and Mohamad,
2013).

From Figure 2.13, the corresponding expressions for the total vertical displacement, w;

rotations about the y- and x- axes respectively; using Levy’s solution (Coke and

Levinson, 1983) are given by:

w=Y"f (y)sin 2%

o0
m=1 a
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0, = h, (y)sin 2= (2-12)

where f_(y), g,(y), and n_(y) are arbitrary constants that can be determined from

boundary conditions. These constants also depend on the distance from the center of the
plate in the longitudinal direction, y. After a series of derivations and application of the
principle of superposition, the total bending strain and the resultant diagonal tensile strain

in the longitudinal direction of the plate are respectively:

R

T sa 24\a (2-13)
2 2

. _g(l—_vj+ g(H_vj [8oh & A

w=a( 3 o2 ) a5 a (2-14)

where . is the horizontal strain; s5,A/s5,a is the strain induced by deflection;
»°b®/24a%is the strain induced by twist; s,,5,, and s,are numerical factors that
depend on the dimension ratios of b/a, h/a, and the mechanical properties of the plate;

and U is the Poisson’s ratio. The effect of twist on the twist on the thick plate is shown

on Figure 2.14.
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Figure 2.14 Distribution of axial strain due to twist (Namazi and Mohamad, 2013).

Thus by the method of superposition, the warping or twisting and horizontal
displacement can be factored into the tensile strains. The model’s damage criteria is
based on deflection ratio, horizontal strain and twist. The approach compared favorably
in comparison with existing methods when tested using 16 case history data. Despite the
benefits it may provide, the very definition of the method [i.e. the method is proposed for
out-of-plane ground movements (Namazi and Mohamad, 2013)] preclude it from being

used in this research, since this research assumes a plane-strain condition.

2.6.1 Deep Beam Model

The concept of deep beam was proposed by Burland and Wroth (1974) to
estimate damage in a building by modelling the building as a deep beam. They developed
charts relating building damage to relative deflection ratio and the dimensions of the
building (e.g. length over height ratio, L/H, of the building). Following this work,
Boscardin and Cording (1989) proposed a new chart that considered horizontal strain as a

major influencing parameter compared to building dimensions, thusly assuming L/H was
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unity. The reason being that, their research showed that a structure’s tolerance to
differential settlement decreased with increasing lateral strains. Son and Cording (2005)
subsequently furthered this approach by considering explicit values of building

dimensions, L/H; percentage openings; soil-structure stiffness; and grade beams.

In the model, Boscardin and Cording (1989) imposed a convex deflected shape (i.e. a
beam in a hogging mode) on a; weightless; linearly elastic; isotropic beam of length, L,
and height, H; and unit thickness; load-bearing wall (beam). Modes of deformation of
such beams included shearing, bending, and a combination of both bending and shearing.
Figure 2.15 is an illustration of the deep beam model. Timoshenko (1957) provided the
expression for total deflection at mid-span for simply supported beam, undergoing both
shear and bending deformations in Equation (2-15).

3
. [1+ 128E' ] (2-15)
48EI\" " L2HG

where E is the Young’s modulus; G is the shear modulus; P is the point load; and I is the
moment of inertia of the beam. In real structures, the foundation and soil provides
considerable resistance to the deformation in the building. As a result, the condition in
which the neutral axis is at the lower edge of the beam was adopted for the hogging mode

of deformation (Burland and Wroth, 1974).
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Figure 2.15 Deep Beam Model (Boscardin and Cording, 1989).

Subsequently, Burland and Wroth (1974) accounted for the soil-structure interaction
effect by modifying the deflection expression into a deflection ratio, (4/L), and the
maximum extreme fiber strain, €,,,4, IN  Equation (2-15) and assuming a Poisson’s ratio

of 0.3.

o))

Furthering this research, Boscardin and Cording (1989) provided the relationship in
Equation (2-17) for calculating the deflection ratio (4/L) in framed buildings, which takes

into consideration the horizontal strain for the case of pure shear deformation.
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L2
H2

A

o= (0.064 (2-17)

+1 Eerit — €h COSZ emax
2c0s0,,, siné. .,

In the expression, A is the relative deflection of the beam; L and H are the same as

previously defined; ._, is the critical strain of the beam, which is the strain level at

which cracking begins; ¢, is the applied horizontal strain; and ¢, is the maximum

inclination of the beam from the horizontal. Boone (1996) provides values of the critical
strains for various materials as a function of the mode of deformation and the type of

material. Figure 2.16 is a summary of the results.

| TESTCONDITIONS | | MODE OF DEFORMATION | | SOURCE® CRITICAL STRAIN
T T
Core Samples of brick and mortar Tension 1 "Refersnces
1 - Frishmann et al. (1994)
Full-seale brick walls in feld test Tension - 2 - Littlgjohn (1974) ]
3 - Mai 1974
Re-evaluation of full-scale wall panel tests - Principal Tension 3 |- 4 - Burhouse (isﬁs)) -
Concrete beams supporting brick walls  Tension from flexure P 2:{\:&?:;:‘1“{;’:‘?{ (1956 | |
Full scale brick walls with supporting Tension from flexure 4+ |ee 7-B k{1962) ||
conerete beams, 1.2 <L/H < 3.0
Brick buildings with L/H =3 Tension from flexure 5 -
Full scale frames with brick infill Diagonal Tension 6 >
Hollow tile and clinker block, brickwork  Diagonal Tension 6 =
Full scale frames with brick infill Shear distortions. 6 L
Hallow tile and clinker block, brickwork  Shear distortions 6 L .
Cement-lime morared conerete blocks Shear strain 7 &
Structural clay tiles with cement-line Shear strain 7 L 2
Clay brick with cement-lime mortar Shear strain 7 L
Gypsum/liberboard/plaster on wood frame  Shear strain 7 -
0 0.002 0.004 0.006 0.008

Figure 2.16 Critical Cracking Data (Bryson and Kotheimer, 2011).

the deflection ratio by the expression:

40
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= 4e) )
o))

By substituting Equation (2-17) into Equation (2-18), a direct relationship between the

B (2-18)

critical strain and the angular distortion, assuming a Poisson’s ratio of 0.3 and an E/G of

2.6, is obtained. Equation (2-19) is the expression for the critical angular distortion (z,,)

at which cracking is initiated, at a given critical strain. It is noted that this expression

allows an explicit input of length-to-height ratios.

L2
) 8= +125
IBCI’it :i 5L_2+52 Hg— Eerit _g_h (2-19)
125" H E 2
H 2

Bryson and Kotheimer (2011) provided a graphical representation of Equation (2-19) that
allows the estimation of critical angular distortion from a known critical strain. This is

shown in Figure 2.17.
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Figure 2.17 Relationship between critical angular distortion and critical strain. (Bryson and
Kotheimer, 2011).

2.6 Crack Width Calculation

Burland and Wroth (1974) concluded that cracks in frame buildings are controlled
by shear strain and not bending strain. Furthermore, the cracks are diagonally oriented
(Fjeld, 1963). Son and Cording (2007) also reported that cracking in masonry structures
with some percentage of openings (i.e. doors and windows) is predominantly as a result
of shear deformation. The cracking can be aggravated if the frame structure is subjected
to horizontal strains (Boscardin and Cording, 1989). Halim and Wong (2012) proposed
Equation (2-20) for calculating the diagonal crack width, caused in the infill wall, as a

result differential settlement between two columns.

1) L
=Y ————|cosé 2-20
‘ L( THZJ (2-20)
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where 0 is the angle shown in Figure 2.18(b) and is also given by tan*(L/H ) in degrees;

0, is the differential settlement; and L and H have their usual meanings.

| | L‘*\_| v

K— T —

A
N
v

(b)

Figure 2.18 Deformation of a simple frame: (a) differential settlement between columns (b)

development of diagonal crack (Halim and Wong, 2012).

It is noted that this approach only considered the differential settlement between the
columns and the building dimensions. It does not account for the critical strain within the
frame, thus assumed cracking was initiated once there was differential settlement.
However, Boone (1996) indicate that cracking can only commence if the critical shear
strain (for the case of diagonal cracks) is lower than the strains generated in the infill
wall. Also, this approach does not account for horizontal strain, which has been shown by

Boscardin and Cording (1989) to be pivotal in building deformation. Notwithstanding,
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other researchers (Finno and Bryson, 2002; Son and Cording, 2005; Boscardin, 1980)
have found that the presence of grade beams can significantly reduce the effect of

horizontal strains.

Boone (1996) presented his first order method for assessment of excavation-induced
damage to infill walls of adjacent building due to differential settlement. The considered
ground movement profile geometry, structure geometry and design, strain superposition,
and critical strains of building materials. Boone (1996) showed, using 20 case histories,
that the method produces results which compare favorably with actual damage
observations. Boone (1996) modeled the building walls as a simply supported deep beam

as shown in Figure 2.19.

Figure 2.19 Deflection of simply supported beam (Boone 1996).

Then using beam deflection equations supplied by Gere and Timoshenko (1974), the
maximum beam deflection, vmax, and angles of rotation at either end, 61 and 6., of a

simply supported and uniformly loaded beam are given by:
Voo = (B9L* /(3841 ) (2-21)
0, = 0, = (qL*)/(24E1) (2-22)
Re-arranging the two equations above yields,
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0,=0,=03.2v,,)/L) (2-23)

However, Boone (1996) noted that Equation (2-23) was only an approximation due to
simplification assumptions and were only valid for small deflections and when shear
effects are excluded. Gere and Timoshenko (1974) provided an expression that includes
both bending and shear deflections for a centrally loaded simple beam with a rectangular

Cross section:

3
Viax = PL (1+ 18E|2j (2-24)
48El GAL

where P is the point load; E is Young’s modulus of elasticity of beam; G is shear

modulus; A is cross-sectional area; | is moments of inertia; and L is length of deep beam.

Following other researchers (Boscardin et al., 1979; Boscardin and Cording, 1989),
Boone (1996) assumed the shape of the deformed wall follows the approximate ground

deformation as shown in Figure 2.20. Figure 2.20(a) shows the strains or elongation
arising from bending, ¢, , and Figure 2.20(b) shows the elongation strain, &, assuming

no slip between foundation and ground.
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(b)

Figure 2.20 Modes of deformation and associated strains: (a) moment only (b) moment and
ground elongation (after Boone, 1996).

The corresponding material deformation provided by Gere and Timoshenko (1974) is

shown Figure 2.21.
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Figure 2.21 Deformation of material element (Boone. 1996).

Boone (1996) defined shear strain, 7, as the change in shape of a material element in units

of radians and given by tan y or tan™v'as shown in Figure 2.22.

Figure 2.22 Wall in long settlement profile, general case (after Boone, 1996).

The bending strain, &, ; elongation strain, &,; and the total tensile strain, .. are given

by:

ey =y = 1)/ (2-25)
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g, =, -1)) (2-26)
E =&y TE &, (2-27)

The total crack width can be estimated by multiplying the total tensile strain by length of

the beam. For further details, the reader is directed to Boone (1996).

Despite the fact that the Boone (1996) approach checks to ascertain the likelihood of
cracking, the value of the critical strains are not deducted from the total strains when
calculating the crack width. This implicitly assumes that all the strains goes into crack
propagation. However, this cannot be the case since the concept of critical strain

stipulates that the critical strain has to be exceeded for cracking to begin.

2.6.1 Damage Approximation Method

Bryson and Kotheimer (2011) presented a damage approximation method that
considered the effect of horizontal and critical strains. Their work followed research by
Dulacska (1992), who suggested that crack width of interior infill wall panels can be
estimated from the diagonal strain. The damage approximation method utilizes common
mechanics of materials relationships. Figure 2.23 is an illustration of the resulting angular
distortion, as experienced by the infill wall, due to differential settlement between the

columns.
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Figure 2.23 Deformation of a simple frame: (a) actual simple frame; (b) mechanics of

materials approximation (Bryson and Kotheimer, 2011).
In both figures, ¢ is differential movement, s is angular distortion, 1 is original length
of the diagonal, al, is change in the length of the diagonal,d is angle of rotation, dx is
the elemental length along the x-axis, dy is the elemental length along the y-axis, ds is

the elemental length along the diagonal,7,, is the shear strain in the xy-plane, and

)/XdeCOSH is the increase in the diagonal length. The mechanics of materials

approximation, shown in Figure 2.23(b), illustrates the deformation of an element in
plane strain due to shear strain. Bryson and Kotheimer (2011) suggested that increasing
crack width in infill wall will be proportional to the increase in the length of the diagonal
(A1,). Equation (2-28) represents the increase in crack width. The expression was
obtained through the following substitutions: horizontal length of the wall (L) for the

elemental horizontal length (dx); the vertical height of the wall of infill wall (H) for the

49

www.manaraa.com



elemental vertical length (dy); and finally the angular distortion ( ) for the shear strain

(7).

Al = y,,dxcos8 = pLcosd = ﬂL(L] (2-28)

It is immediately clear that Equation (2-28) makes the assumption that crack growth
begins instantaneously as angular distortion is available in the infill wall. This makes the
expression essentially the same as that proposed by Halim and Wong (2012), thusly
failing to address the issue of critical strains as proposed by Boone (1996) and also
violates its own fundamental assumptions (i.e. cracking is initiated when a critical
angular distortion is exceeded). The logical progression from this point is, therefore, to
reduce the excavation-induced angular distortion by the critical distortion in order to
realistically represent the crack growth. Dulacska (1992) suggested that stiffer buildings
are less affected by the ground distortions. Thus, as a result of the rigid body response of
the building to the excavation-induced deformation, there may be variance in the
measured building distortions and the measured ground distortions. He proposed the
flexibility factor (r) to account for the stiffness of a building or a wall section when
representing distortion developed within it. The flexibility factor is influenced by the
percentage of opening in the wall section, and ranges from 0.5 for a stiff (solid) wall
section to 1.0 for a highly punctured (flexible) wall section. To address the above
discussed issues, Equation (2-28) was modified to account for these factors, thus the

normalized crack width, al_/L, is given by the equation:
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Al H

TC = n(ﬂmeas - ﬂcrit {Wj = /uﬂbuild (2_29)

where g is the measured or anticipated ground distortion; sz, .. is the building

distortion (given by 7(3,... — B...)=0); and zis the geometric factor (given by

meas

(H/\/W)) and is dependent upon the L/H ratio. It is noted that this simplified
relationship assumes that only one crack develops at a characteristic place within the wall
element resulting in the widest cumulative crack width estimate. Bryson and Kotheimer
(2011) compared crack width predicted using this method with crack gauge data reported
by Bryson (2002) for a building adjacent to the Chicago Avenue and State street
excavation. Figure 2.24 shows the method compared favorably with the crack gauge data.
For additional details of the study, the reader is referred to Finno et al. (2002); Finno and

Bryson (2002); and Bryson (2002).
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Figure 2.24 Cumulative crack width approximation (Bryson and Kotheimer, 2011).
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2.7 Influence of Soil Types on Excavation-Induced Ground Movements in Adjacent

Structures

In order to accurately predict distortions caused by excavation-induced ground
settlements, it is essential to have a better understanding of the soil-structure interaction
(Son and Cording, 2005; 2011). Despite the fact that several researchers (Breth and
Chambosse, 1974; Attewell, 1978; Boscardin and Cording, 1989; Burland, 1995; Boone
et al., 1999; Son and Cording, 2005) have provided very useful findings, there is a lot
more be done. They attribute this shortfall to the difficulty and complexity of the

processes involved in predicting soil-structure interaction.

To better understand soil-structure interaction, Son and Cording (2011) used
numerical methods to evaluate the responses of single brick-bearing walls and frame
structures under different soil conditions, structure conditions, and structural types.
Figure 2.25 is a comparison of the structural responses of cases investigated. Son and
Cording (2011) used different soil and structure conditions and a comparison was done
on the basis of normalized angular distortion (g/AGs). In the normalized angular
distortion expression, g is the angular distortion in a bay; and AGS is the change in
ground slope between two adjacent bays in a free-field ground settlement profile.

Among their findings, Son and Cording (2011) concluded that structures on stiffer soils
are more susceptible to building damage, as a result of excavation-induced ground
movements, than those on softer soil, given the same magnitude of ground movements.

They attributed the observation to the tendency of structures on softer soils to modify the

ground settlement profiles and this leads to less distortion.

52

www.manaraa.com



12 ce g —mg= e = rmm rm grmmen e e

8 Brick-bearing (Bay1) L
& 1] o Brickbearing (Bay3)
g 4 Open frame (Bay 1)
1 4 Open frame (Bay3)
a 084 ® Brick-infilled frame (Bay 1)
8 o Brickinflled frame (Bay3)
> 06- A A
< A A
T
o4 :
T
£ 0.2 0 u
o U.eq
z [} 0 v
; g | g | :
Softer Soil Stiffer Soil Stiffer Soil (Structure in

Soil Condition Bastic Condition)

Figure 2.25 Comparison of normalized angular distortion for different soil conditions and

structural configuration (after Son and Cording, 2011).

2.8  Cost Associated With Excavation Support Wall Movement

Several researchers (Boscardin and Cording, 1989; Boone, 2001; Finno et al.,
2005; Cording et al., 2010; Son and Cording, 2011) have recognized that there are costs
associated with excavation-induced ground movements. These costs are primarily due to
the damages suffered by adjacent buildings. It is recognized that the sensitivity of the
structure to damage, as well as the structure’s significance should be considered when
designing excavation support systems. Boone (2001) notes that the most sensitive cases
involve structures with either masonry load bearing walls or frames with masonry infill
walls. Son and Cording (2011) underscores the importance of a better understanding of
the soil-structure interaction, a lack of which could lead to the implementation of
unnecessary preventative measures which will increase the cost of the project. Preventive
measures are those that are aimed at the root causes of building damage and may be less

costly and disruptive than near surface measures. Little to nothing exist in current
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literature about the relationship between cost of repair of excavation-induced damage in

adjacent building and the stiffness of the excavation support wall.

North American Steel Sheet Piling Association (NASSPA), (2006) did cost

comparisons of tied-back sheet piling versus five other excavation support systems (i.e.

reinforced concrete cantilever, concrete modular unit, mechanically stabilized earth,

soldier pile and concrete lagging, and slurry wall). They used designs based on AASHTO

Standard Specifications for Highway Bridges, 17" Edition, 2002, ASD and costings were

done using the 2006 edition of “RSMeans Heavy Construction Cost Data” and

summarized on Table 2.6.

Table 2.6 Summary of cost comparison of excavation support types (NASSPA, 2006).

Total
Construction Cost C(;Srt C(;Srt
Retaining Wall Type duration per L'p S P
(days) 100ft inear quare
Ft. (3) Ft. (3)
(%)
Sirlguted Anchor Steel Sheet 13 90,607  906.07 47 69
Cast-In-Place Reinforced 47 258572 2585.72 136.09
Concrete
Concrete Modular Unit Gravity 31 144,741 144741 7618
Mechanically Stabilized Earth 3 181,593 1815.93 9558
Soldier Pile and Lagging 26 171,856 171856 90.45
64 400,145 4001.45 210.60
Slurry Wall
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The study revealed the following:

I. the sheet pile wall provided a minimum of 35% cost savings over other wall
types and provided a 65% savings over a traditional cast-in-place concrete
wall

ii. the sheet pile had the shortest construction duration of all the options.

As has been presented in the foregoing sections, the current state-of-the-practice lacks a
cost component embedded in the design process. Cost analyses, as shown in section 2.8,
are conducted as a separate study. This research will propose a methodology that will
make initial cost an intrinsic part of the design process. The method will be developed
from an analytical study of damage to adjacent structures and the relationship with
excavation-induced ground movement. The proposed method will also allow a
juxtaposition of acceptable deformation and cost related to the chosen excavation support
system. The approach will be validated using a finite element simulation of a two-

dimensional deep excavation.
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CHAPTER 3

3.0 Deformation-Based Method for Designing Excavation Support Systems

3.1 Introduction

As indicated earlier, the classical approach focuses on meeting limits equilibrium
requirements and then checks for excavation-induced ground movements. These ground
movements subsequently determine the kind of deformation that occur within adjacent
infill walls (ceteris paribus). This is an iterative process as the designer may find out
ground movements and damage to adjacent buildings are unacceptable, even though
limits equilibrium requirements are fully met. Such an approach is both inefficient and
could be costly due to unforeseen damages to adjacent buildings. Moreover, there is
currently no literature on the design of excavation support systems with damage to

adjacent buildings as the controlling factor.

This chapter focuses on the analytical and empirical techniques that were
combined to create the inverse support system method for designing excavation support
systems. This method can be viewed as an inverse process of the traditional method,
except that both deformation and limits equilibrium requirements are fulfilled
simultaneously. It should be noted that design is controlled by acceptable deformation to
adjacent buildings. Additionally, the method provides the designer with preliminary
costing information to guide the design process. In summary, the method makes use of in
situ soil properties (i.e. wished-in-place wall condition), acceptable crack width, adjacent

infill wall geometry, critical strains of infill wall, predicted horizontal and vertical ground

56

www.manaraa.com



movements, and excavation geometry to design a cost effective support system that meets

both limits equilibrium and deformation requirements.

3.2  Conceptual Overview of Problem

The deformation-based method can broadly be categorized into three stages or
elements. Figure 3.1 is an illustration of the main stages and their interdependencies. In
this method, the magnitude of the tolerable or acceptable deformation (i.e. diagonal crack
width) (Element 1) is related analytically to the maximum vertical settlement caused by
the nearby deep excavation (Element 2). The maximum horizontal movement (Element

3) can then be predicted using a relationship obtained from case history data.

3.2.1 Element 1 (Measure of Damage-Crack Width Criterion)

In this study, the measure of damage was based on diagonal tensile cracks. The
diagonal crack width is a function of the material properties of both infill wall and

building (i.e. E/G=2.6 assuming isotropy); critical diagonal tensile strain, the

horizontal tensile strain the infill wall is subjected to, 5, ; geometry of the infill wall,

L/H ; soil-structure interaction, 77 ; critical angular distortion, g . ; and the differential

settlement between the columns which bound the infill wall, §, shown in Figure 2.22(a).
Several researchers have acknowledged the difficulty and complexity involved measuring
and assessing soil-structure interaction (Boscardin and Cording, 1989; Burland, 1995;
Boone et al., 1999; Son and Cording, 2005; Finno et al., 2005; and Schuster et al.,2009).
Son and Cording (2011) further emphasized the need for an adequate understanding and

prediction of soil-structure interaction in order to accurately predict damage.
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R = flexibility index of system
He = depth of excavation

Figure 3.1 Conceptual approach to deformation-based excavation support system design.

Son and Cording (2011) concluded that all masonry-infilled frame structures suffered
similar distortions regardless of soil and structure conditions. Dulacska (1992) suggested

that the soil-structure interaction factor, 7, is dependent on the amount of openings within

the infill wall. It ranges from 0.5 for solid walls to 1.0 for highly punctured walls. Hence,

it may be conservative to assume a value of 1.0.

As indicated earlier, several researchers have shown that the presence of grade beams
will reduce the distortions within an infill wall. In this research, the focus of the analysis
was on a single bay, with a length-to-height ratio of L/H. The bay was considered to be a
simple frame supported by a shallow foundation. In that case Boone (1996) has shown
that the length of the bay remains unchanged because the deformed shape is that of a

rhombus as shown in Figure 3.2.
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Figure 3.2 Deformation of a simple frame due to differential settlement (after Boone, 1996).

From the above figure, the deformed length of the bay is the same as the un-deformed

length (i.e.L=1). Hence, in calculating the diagonal length, the actual bay

Iy

dimensions was used. This also implies that the building distortions are equal to the

ground distortions, thus; =1.

From Element 1, the measured angular distortion, g____, can be related to the maximum
vertical settlement, s,__ (Element 2). It should be noted that the term angular distortion,

for the purposes of this study, refers to the slope of the deflected shape of the infill wall
between the bounding columns (i.e. it does not account for rigid body tilt). For simplicity,
this approach will suffice, even though it represents a more conservative interpretation of
angular distortion and has been employed by other researchers (Boone et al., 1998), as

shown in Figure 3.3.
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Figure 3.3 Angular distortion, #, as used in the application of the deep beam model (after
Boone et al., 1998).

where AS is differential settlement; ¢ is rotation; v, is maximum beam deflection; g is

slope; L and | have their previous definitions.

3.2.2 Element 2 (Maximum Vertical Settlement)

Figure 3.4 shows the deformed shape of a frame structure subjected to ground
movements behind the excavation support wall. Using the approximate distribution
proposed by Bryson and Zapata-Medina (2012), shown in Figure 2.5, perpendicular
settlement profile for any given flexibility index can be predicted. As was mentioned
previously in Chapter 1, the relative stiffness ratio given by Bryson and Zapata-Medina
(2012) actually describes the flexibility of the support system. Thus for this work, the

ratio will be referred to as the “flexibility index”.
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Figure 3.4 Prediction of perpendicular settlement profile.
In this research only the case of Taipei silty clay (s, = 42kpa) With a reference cohesion

of zero was considered, but the approach will be the same for any other types of clay. The
hardening soil properties for this medium clay was obtained from Bryson and Zapata-

Medina (2012). The undrained shear strength, s, , was obtained by running a virtual

triaxial undrained compression test with initial effective stress, o3, of -100 kPa;
maximum strain, & , of 10 percent; and a vertical preconsolidation stress of OkPa.

Further details of the hardening soil properties is found in Appendix A. Figure 3.5 is the
illustration of the shear stress versus the mean effective principal stress. From the figure,

the value of the undrained shear strength is approximately 42 kPa. The essence of this

61

www.manaraa.com



step is to illustrate that the research is staying consistent with the definition of medium

clay as defined in Chapter 1.

Mohr

: ---- failure line
1 | === Medium Clay

© [kN/m?2]

—_—— ——— - —————— r —
0 10 -20 -30 -40 -50 -B0 -7TO -80 -90 -100 -110 -120 -130
o' [kN/m2]

Figure 3.5 Undrained triaxial compressive strength test on Taipei silty clay.

Since the prediction of the perpendicular settlement is specific to soil type, it will be
unnecessarily repetitive to use soils of differing undrained shear strength. At this stage,

the research was focused on the influence of the geometrical arrangements of the

excavation support system (i.e. s, , and S,) on the flexibility index, R, the soil

properties; material type; and the factor of safety against basal heave were kept constant.
The subsequent chapter will be used to assess the effect of changing soil type, as well as
the other parameters held constant at this stage, on the proposed method. Table 3.1 is a

summary of the parameters that will be held constant at this stage of the methodology.
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Table 3.1 Soil properties and excavation geometry.

Y
Su Ste o He B Os D Eso H
Fom Ne (pa)  (kPa) (k';')m (m) (m) (kPa) (m)  (kPa) (m)

15 514 42 42 181 122 25 0 1506 12476 27.26

where s, is factor of safety against basal heave; n_ is bearing capacity factor provided

by Ukritchon et al., 2003; s, is the undrained shear stress below the bottom of the

excavation; S, is the equivalent undrained shear stress of the layers of soil above the

excavation; 7,, is equivalent unit weight of layers of soil; H, is depth of excavation; B
is width of cut; q_ is applied surface surcharge; E., is initial tangent modulus of the
soil; H is the depth of the support wall and is equal to the sum of the depth of excavation
and depth of embedment, D ; and D is obtained by making it the subject in Equation (2-
2):

D = B(FsbhysHe B Ncsub)_\/isuequ
V25, +25,,

(3-1)

Next step to be able to predict perpendicular settlement, was to calculate the flexibility
index using Equation (2-3). An A36 steel sheet pile wall was assumed. Thus, the Young’s
modulus of elasticity, E, is 200.1 GPa. It should be noted that it does not matter what

material the wall is made up of , the approach remains the same.
The parameters remaining in Equation (2-3) are the moments of inertia of the wall, I;

horizontal strut spacing, s, ; and vertical strut spacing, S, . For a given moments of
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inertia of the support wall, the ratio of horizontal strut spacing to vertical strut spacing,

s, /s, » Was varied, this resulted in the generated flexibility indices, R. Then using the
medium clay prediction chart in Figure 2.5, the vertical settlement profile was predicted
at various values of R.

Now using the simplified assumption for the angular distortion, s, as the magnitude of

the slope between points (x,,y,) and (x,,y,) and for small angles:

tan B~ f = (uj (3-2)

Xy — X5

It is implicit in the above equation that measurement of distortion is at plane strain point.
Table 3.2 is a sample calculation leading to predicted perpendicular ground settlement,

and subsequently angular distortion. In the table, 1 —8ooocm*/m, and the s, /s, ratio
was kept at 1.5. The s, /s, ratio of 1.5 is arbitrary but useful in the sense that it allows us

to have a more realistic struts configuration. This because in reality, the ratio could be
any value from one. Boone et al. (1998) provides a range of 2.4m to 5.8m for the
vertical strut spacing. Das (2007) states that for construction works the minimum strut

spacing is about 2.75m. The importance of the randomness ofs /s ratio will be

explored further in latter sections.

In summary, varying the support configurations (i.e. s, and subsequentlysS;),

resulted in different flexibility index values. Every flexibility index corresponded to
different perpendicular settlement predictions, and subsequently different angular

distortions.
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Table 3.2 Angular Distortion at plane strain point along vertical settlement profile.

Sy sh=1.5sy X2 2 X3 3 i
(m) (m) R o) om)  (m) (mmy P
2.75 4.13 1266.97 9629.99 83.45 52978.35 8.34 1.73
2.85 4,28 1360.79 9439.03 85.15 52916.26 8.51 1.76
2.95 4.43 1457.96 9249.13 86.82 52855.87 8.68 1.79
3.05 4.58 1558.48 9060.62 88.48 52797.07 8.85 1.82
3.15 473 1662.35 8873.78 90.10 52739.76 9.01 1.85
3.25 4.88 1769.57 8688.87 91.71 52683.84 9.17 1.88
3.35 5.03 1880.14 8506.11 93.30 52629.23 9.33 1.90
3.45 5.18 1994.06 8325.71 94.86 52575.86 9.49 1.93
3.55 5.33 2111.34 8147.85 96.40 52523.64 9.64 1.96
3.65 5.48 2231.96 7972.69 97.93 52472.52 9.79 1.98
3.75 5.63 2355.94 7800.35 99.44 52422.44 9.94 2.01
3.85 5.78 2483.26 7630.97 100.93 52373.35 10.09 2.03
3.95 5.93 2613.94 7464.61 10240 52325.19 10.24 2.05
4.05 6.08 274796 7301.38 103.86 52277.92 10.39 2.08
4.15 6.23 2885.34 7141.32 105.30 52231.49 10.53 2.10
4.25 6.38 3026.07 6984.48 106.73 52185.88 10.67 2.13
4.35 6.53 3170.15 6830.89 108.14 52141.03 10.81 2.15
4.45 6.68 3317.58 6680.58 109.54 52096.92 10.95 2.17
4.55 6.83 3468.36 6533.54 110.92 52053.52 11.09 2.19
4.65 6.98 3622.49 6389.79 112.30 52010.80 11.23 2.22
4.75 7.13 3779.97 6249.31 113.65 51968.72 11.37 2.24
4.85 7.28 3940.80 6112.07 115.00 51927.27 11.50 2.26
4.95 7.43 410498 5978.06 116.34 51886.41 11.63 2.28
5.05 7.58 427252 5847.25 117.66 51846.14 11.77 2.30

Figure 3.6 is an illustration of the behavior of angular distortion with flexibility index, R.
It should be noted that the relationship between angular distortion and flexibility index
was developed for moments of inertia of the excavation support wall ranging from
I =1000cm*/m 10 | =125000cm*/m . It should be noted that the values of the moments
of inertia of the support wall are arbitrary and were chosen within a range commonly
found in sheet pile members. It can be observed that angular distortion increased with

increased flexibility index. This behavior is to be expected, since a higher flexibility
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index implies a less rigid excavation support system. Subsequently, a higher ground

settlement would be expected.
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Figure 3.6 Variation of angular distortion with relative flexibility.

A power function was fitted to the data and the resulting equation is given by:
£ =0.2791x 103 RO (3-3)

A closer look at the graph shows consistency with the concept of flexibility index. That is
to say, when the value of flexibility index is null (i.e. as the rigidity of the excavation
support system approaches infinity) no distortion is measured. Though practically

impossible, theoretically such a system will not allow any movement.
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3.2.3 Linking Element 1 to Element 2

This subsection will be used to show the link between the predicted angular
distortion and Element 1 (damage criteria i.e. crack width). As earlier indicated, a
simplified assumption has been made that the soil-structure interaction is rigid. This will
ensure that distortion on adjacent structure is of the same magnitude as the amount of
experienced by the greenfield, even though it may yield conservative values (Boone et
al., 1998). Consider an isotropic infill wall with the following properties subjected to both

tensile and horizontal strains:

Table 3.3 Infill wall properties.

€eritx10”
3

E/G L/H enx103  Poritx103

260 200 045 109 050 1.63

where €&, is horizontal strain [the value on the table is assumed. A very small random

number was chosen to reflect the presence of horizontal strains, which are commonly

associated with open excavations (Boscardin and Cording, 1989)]; the critical diagonal
tensile strain, &, is obtained by averaging the range of values for diagonal tensile on

Figure 2.15; g

crit

is obtained plugging the values on Table 3.3 into Equation (2-19); and

M is geometric factor given by (H/\/ H? 4+ L? )

Next, substitute predicted angular distortions from Table 3.2 and a flexibility factor of

n =1into Equation (2-29). This resulted in a generated normalized crack width, A|C/L,

data for the respective flexibility index values. A sample calculation using angular
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distortion values from Table 3.2 and a length-to-height ratio, L/H, of two is shown in

Table 3.4. In this research, it is assumed that diagonal cracks are fully developed in the

bay under consideration, thus an L/H of two is appropriate and represents a realistic field
value. Boscardin and Cording (1989) noted that the L/H ratio increases from zero at the

onset of excavation-induced ground movement (and behaves as travelling wave that
gradually impinges on the structure), until cracks are fully developed. Flexibility index

values were plotted against normalized crack width, for the case of L/H =2.
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Table 3.4 Normalized crack width data based on flexibility index.

so(m) ? nﬁf’SV R B<10°)  AlJL (%)
275 4125 126697 173 0.004
285 4275 136079  1.76 0.006
205 4425 145796  1.79 0.007
305 4575 155848  1.82 0.008
315 4725 166235 185 0.010
325 4875 176957 188 0.011
335 5025 188014  1.90 0.012
345 5175 199406 193 0.013
355 5325 211134  1.96 0.014
365 5475 223196 198 0.016
375 5625 235594 201 0.017
385 5775 248326  2.03 0.018
395 5925 261394 205 0.019
405 6075 274796  2.08 0.020
415 6225 288534  2.10 0.021
425 6375 302607 213 0.022
435 6525 317015 215 0.023
445 6675 331758 217 0.024
455 6825 346836  2.19 0.025
465 6975 362249 2.2 0.026
475 7125 377997 224 0.027
485 7275 39408 2.26 0.028
495 7425 410498  2.28 0.029
505 7575 427252  2.30 0.030

Figure 3.7 illustrates the relationship between flexibility index and normalized crack

with. Thus for a given crack width (i.e. Element 1) and support system configuration, we

are able to first predict the related flexibility index. The system flexibility index can then

be used to generate the angular distortion required to produce the diagonal crack width.

Again, even though Table 3.4 shows sample calculations for | :8000cm“/m , Figure 3.5

is valid for | =1000cm*/m t0 1 =125000cm*/m.
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Figure 3.7 Predicting flexibility index based on crack width deformation criteria.

Figure 3.7 is a curve fitted data using a DR-Hill —Zerobackground model. The

corresponding equation to obtain an excavation support system flexibility index is given

by:

n
{2
- (3-4)
, (Alcj
KT+ —2
L
where @, 1, and « are constants of the curve fit model and are equal to 9.397 <107,

1.778, and 8.934 respectively. It can be observed from Figure 3.5 that no deformation

occurs in the adjacent structure when the flexibility index of the system is null. This
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agrees with Figure 3.6 since there is no deformation imposed on the structure (i.e. g

meas

=0
as R—0).

Figure 3.7 provides a means to link Element 1 to Element 2. This is done by first
predicting the flexibility index using Figure 3.7 or Equation (3-4) at the known Element

1(i.e. acceptable crack width and subsequently the calculated normalized crack width).

Next the corresponding angular distortion, £, is found using Figure 3.6 or Equation (3-

3). Finally, referring back to the simplified assumption of a rigid soil-structure interaction

and that plane strain condition governs, it implies that the angular distortion, 2, is
experienced by the infill wall sitting between points (x,0.1) and (x,,1) on Figure 3.6.

Given that small strain theory is valid;

84 (e
@n By, = foe =— (3-5)

where ﬂpre is the predicted angular distortion obtained from the aforementioned

procedure; J, max) 1S the maximum vertical settlement; and L is the length of infill wall.

Finally Element 2 is obtained from Equation (3-5) as:
§V(max) = ﬂpre L (3-6)

In a similar fashion, the engineer or designer may wish to predict the normalized crack

width from the flexibility index, in which case Figure 3.8 should be used.
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Figure 3.8 Normalized crack width versus flexibility index.

Alternatively, one may use a curve fitted DR-Hill-Zerobackground equation to obtain

normalized crack width from flexibility index and given by:

Al
L

a:zﬂ
KT+ R"

(%)= (3-7)

where ¢, 17, and « are constants of the curve fit model and are equal to 1.3661x107",

1.2345, and 1.3718x10* respectively. The importance of Figure 3.6 or Equation (3-7) is

that it will be used to recalculate the crack width that would be expected once a design
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section is chosen. This would be demonstrated in the outline of the design process later in

this chapter.

3.2.4 Element 3 (Maximum Horizontal Displacement)

The relationship between Element 3, (Oyg), and Element 2 (Jy(y) was

established based on the relationship between the two as published in literature. Past case

history data studies by researchers (Mana and Clough 1981; Ou et al., 1993; Hsieh and

Ou, 1998) have shown that the maximum ground surface settlement, 5V(max), IS between

one half (0.5) to one (1) of the maximum wall deflection, 5H(max). Table 3.5 is an

expansion of the case histories as presented by Bryson and Zapata-Medina (2012).
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Table 3.5 Case history data for ground movement (after Bryson and Zapata-Medina, 2012).

Stl Ng (1992) Diaph. 163 9.6 120 17.66 10.13 0.108 0.106  3.73
Burland and Hancock

St2 (1977) Diaph. 300 185 190 30.00 20.00 0.100 0.108  4.46

St3 Hsieh and Ou (1998) Diaph. 330 200 765 124.76 77.76 0.378 0389 124

E‘ St4 Poh et al. (1997) Diaph. 140 111 80 10.02 NA 0.072 2.05

% St5 Ou and Shiau (1998) Diaph. 230 118 105 4453 NA 0.194 311

@ Sté Whittle et al. (1993) Diaph. 256 20.2 91 53.61 45.00 0.209 0223 132

St8 Liao and Hsieh (2002) Diaph. 27.0 157 77.5 81.37 NA 0.301 1.38

St9 Becker and Haley (1990) Diaph.  26.0 20.0 70 47.26 101.60 0.182 121

St10 Ulrich (1989) Secant 200 122 140 14.75 NA 0.074 3.62

M1 Ou et al. (1998) Diaph. 350 197 50 106.51 77.18 0.304 0.392 0.96

M3 Finno and Roboski (2005) Sheet 174 128 43 63.50 63.00 0.365 0492 1.05

M4 Hsieh and Ou (1998) Diaph. 31.0 184 475 62.61 43.16 0.202 0235 097

Z M5 Miyoshi (1977) gtss(l:. 320 170 42 176.56 152.42 0.552 0.897  0.99

LE) M6 Finno et al. (1989) Sheet 192 122 30 172.64 255.70 0.899 2096 110

"92) M7 NGI (1962a) Sheet 140 11.0 26 220.00 240.00 1.571 2.182 0.93

= M8 NGI (1962b) Sheet 16.0 120 34 125.00 114.00 0.781 0.950 0.94
Clough and Buchignani

M9 (1981) Diaph. 305 213 44 28.25 NA 0.093 0.98

M10 Wang et al. (2005) Diaph. 380 206 35 48.12 30.90 0.127 0.150 0.85

M11 Peck (1969) Sheet 14.0 8.5 275 228.87 210.00 1.635 2471 1.35

Sol Finno et al. (2002) Secant 183 122 20 38.13 27.43 0.208 0.225 0.59

S02 Goh et al. (2003) Diaph. 310 16.0 10 38.55 NA 0.124 0.31

So3 Hu et al. (2003) Diaph. 210 115 22 15.39 7.00 0.073 0.061 0.73

So4 Gill and Lukas (1990) Sheet 168 7.0 227 83.27 NA 0.496 1.93

> So5 Teparaksa (1993) Sheet 18.0 8.0 135 123.65 NA 0.687 0.62

g So6 Baker et al. (1987) Diaph. 183 85 215 37.39 37.00 0.204 0435 093

3 So7 Konstantakos (2000) Diaph. 13.7 103 45 3.63 NA 0.026 1.25
Clough and Buchignani

So8 (1981) Soldier 305 11.0 25 107.06 NA 0.351 1.69

S09 Kort (2002) Sheet 190 8.0 20 385.38 NA 2.028 1.63

So10 Koutsoftas et al. (2000) Soldier 410 13.1 25 48.10 30.20 0.117 0.231 1.42

Soll  Clough and Denby (1977)  Diaph. 32 11 25 101.6 53.34 0.3175  0.485 1.8
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In this research, the data presented by Bryson and Zapata-Medina (2012), as shown in
Figure 2.7, was expanded to include more case history data. Secondly, the maximum
vertical settlement was normalized with the depth of excavation while the maximum

horizontal ground movement was normalized with the height of excavation support wall.

This is supported by the findings of Bryson and Zapata-Medina (2007), where 9, (max)

was more influenced by soil behavior and 5H(max) by the physical characteristics of the

support wall. The corresponding plot is shown in Figure 3.9.

2.5

+ Additional Case History Data
o Bryson and Zapata-Medina (2012)

y = 0.6786x08520
R? = 0.9503

6H(max)/l_l(.oi/o)
= ol

o
o1
l

6V(max)/ HE(%)

Figure 3.7- Case history data plot of normalized O, (max) VS Oy (max)

The relationship in Figure 3.9 was used as the basis for predicting maximum horizontal
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movements. It was deemed conservative to use Figure 3.9 instead of Figure 2.8 or
Equation (2-5) because the latter has not been adapted to predict excavation induced
vertical deformations (Bryson and Zapata-Medina, 2012). The corresponding equation is

given by:

(%J(%) = DK%}M)} (3-8)

where D =0.6492; and E =0.8381

Therefore, Equation (3-8) allows Element 3 to be obtained from Element 2. This

completes the determination of all the elements on Figure 3.1.

3.3 Rigidity Deficit of Excavation Support System

Up to this point, the discussion has been about predicting and relating ground
deformations to the deformation criteria (i.e. diagonal crack with). The question still

remains how to relate a given trial section to the excavation support system flexibility
index. This would be achieved through the use of the rigidity deficit, Ry . This

parameter gives an indication of the magnitude of moment of inertia required to meet a
given deformation criteria. This quantity is also proportional to the flexibility index.
Thus, the higher the deficit, the higher the expected deformation within the infill wall of

an adjacent building and vice versa.

In designing an excavation support system, considerations for both the vertical
and horizontal strut spacing must be as pragmatic as possible. This is to say that even
though it may be theoretically achievable to design a support system that allows no
cracks in an infill wall, it may not be practicable. From Figure 3.7, a support system that
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allows no cracks implies a flexibility index of zero (i.e. | - or s, =s =0). Itis
immediately clear that such a situation is very unlikely to occur.

As a guidance, Das (2011) provides that for braced excavations, both vertical and
horizontal struts spacing typically have a minimum value of about 2.75m . Boone et al.
(1998) also suggested that the general vertical strut spacing for braced excavations is
usually between 2.4mto 5.8m. Nonetheless, it is up to the designer to make appropriate

considerations (such as to accommodate excavation equipment) when choosing the

spacing.

3.3.1 Development of Rigidity Deficit

From the above discussion and guidance given on the values of S, and S, , an

expression was developed to predict the rigidity deficit given; soil parameters; excavation
geometry; flexibility index obtained from Figure 3.7; and excavation support material

properties. Re-arranging the terms in Equation (2-2) yields the rigidity deficit as:

S 1 E S
R =2 |=||=—-|R-— — v )
“ st'lj {(S\fj Es 7S'H'He:| (3 9)

where all the parameters have been defined previously. Using the values on Table 3.1 and

varying the values of the flexibility index at a constant vertical strut spacing, rigidity

deficit values were generated (see Appendix E). Figure 3.10 shows the plot of R, versus
R. It can be observed from the plot that the trend of Ry is defined based on the value of

Sy . A line was fit to the plots and the corresponding equations are shown on the various

lines. A straight line of the form shown below describes the relationship.
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Rdef =m-R

(3-10)

where m is the slope of the straight line. The values of m at various vertical strut spacing,

S, , are shown on Table 3.6.

Table 3.6 Summary of slopes of straight line by vertical strut spacing.
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0.5 447.67
1 111.92
2 27.98
3 12.435
4 6.9949
5 44767
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Flexibility Index, R

Figure 3.10 Rigidity deficit versus flexibility index.
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From the observed trend, an expression can be developed that allows the explicit

input of S, . To do this, the slopes as shown on Table 3.6 are plotted against the vertical

strut spacing and then a trend line is fitted through the data. Figure 3.11 shows the plot of

slope versus vertical strut spacing.

1000

100 -

y = 111.92x?

Slope, m

10 -

Vertical Strut Spacing (m)

Figure 3.11 Slope versus vertical strut spacing.

From Figure 3.11, the resulting relationship is given by:

R
Rog =111.92 (3-11)

'
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It can be observed that slope decreases with increasing vertical strut spacing. This
can be explained using Figure 3.8. Observe from Figure 3.8 that for a given flexibility
index, the rigidity deficit increases with decreasing vertical strut spacing. Remembering
that flexibility index is a dimensionless parameter, a higher vertical strut spacing implies
a greater magnitude in acceptable crack width (i.e. a higher flexibility index). Hence,
little rigidity would be required be required. Conversely, a low vertical strut spacing
implies little acceptable crack width (i.e. design requires a very rigid system), Therefore,

a higher rigidity deficit would be required to meet such criterion.

From a dimensional analysis point of view, the slope can be viewed as the ratio of
rigidity deficit to flexibility index. All things being equal, a higher vertical strut spacing
implies a higher flexibility index (i.e. flexible system). Therefore, the lesser the moment
of inertia of the support wall required. A small vertical spacing implies a lower flexibility
index (i.e. a rigid support system). Hence, a high moment of inertia of the support wall

would be required.

3.3.2 Obtaining a Section from Rigidity Deficit

At this stage the only item left to be determined is a section that will meet the
flexibility index requirements. To summarize, the following are known thus far;
flexibility index; flexibility deficit; soil properties; factor of safety against basal heave;
depth of embedment; excavation geometry; infill wall properties and geometry;
excavation support wall material properties; and both horizontal and vertical strut
spacing. Inspecting Equation (3-9), one can easily derive an expression for the required

moments of inertia of the excavation support system as:
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S
|, = h 3-12
rad {S . Rdef J ( )

v

Therefore, the engineer or designer just has to choose a section with a moments of inertia
greater than or equal to required moments of inertia of the excavation support system we
wish to design. Once a section is chosen, standard methods (such as the one described in
Fang, 1990) will be used in sizing the struts and wales. This approach will be illustrated

later in this section.

3.4  Preliminary Costing Chart

One of the objectives presented in Chapter 1 was to develop a preliminary cost
chart. This a seminal contribution in pushing the frontiers of excavation support systems
design by incorporating cost tabs in the design process. As earlier stated, not much, if
any, exists in current literature regarding this approach. Hence this study will greatly add

to existing knowledge base.

To achieve this, construction cost data and other economic parameters would be
heavily relied upon. All of the information are outside the direct control of this thesis and
therefore a parsimonious approach will be warranted. Based on bare costs from RSMeans
Building Construction Cost Data 2014 for sheet piles, a simplified assumption that cost
increases with increasing unit weight of excavation support wall was made. This
assumption is supported by the data in Table 3.8 (RSMeans, 2014). It should be noted
that the term “Preliminary Cost” refers solely to the sum of material and installation costs
(sometimes referred to as total cost). Due to the complicated nature of project bill of

quantities, it is nearly impossible to come up with a cost index that caters for every
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specific project. Therefore, the preliminary cost chart is only to be used as a starting

point.

Table 3.7 RSMeans bare costs for 2014 for three sheet pile systems based on excavation

depth and unit weight.

2014 Bare Costs

.. Daily Labor . . Total
System Unit Material Labor Equipment per
output  hrs sf
25' Excavation,
38psf left in sf 1000 0.064 315 2.94 3.82 38.26
place
Drive, extract & ¢ gg3 0116 1005 5.3 6.9 2225
salvage
20" Excavation,
27psf left in sf 960 0.067 21.5 3.07 3.98 28.55
place
Drive, extract & ot 495 0132 735  6.05 785 2125
salvage
15' Excavation,
22 psf leftin sf 983 0.065 16.95 3 3.89 23.84
place
Drive, extract & = ¢ 545 0117 565 54 7 18.05
salvage

The linearity relationship is shown in Figure 3.12

Next step was to normalize the total cost by the GDP estimated using purchasing
power parity (PPP) for the U.S. The value of $17,418.9 in billions for the year 2014 is
provided by the International Monetary Fund, 2014. This value is corroborated by similar

value from the U.S Department of Commerce Bureau of Economic Analysis, 2014.

The purpose of the normalization to GDP (PPP) is not only to tie the preliminary
cost to an economic index but, also to make the cost dimensionless. This allows an

analysis of preliminary cost in the broader context of the value of all final goods and

82

www.manaraa.com



services produced within the U.S within the fiscal year of 2014. A detailed economic

analysis was beyond the scope of this thesis.

\l
a1
o

o g1 O
o O O
1 1 1

g1 o
o O
1 1

Total Bare Cost ($/m?)
A~ B On (& o O ~
o

1.5 2
Unit wgt of sheet pile (kPa)/m

-

Figure 3.12 Total bare costs vs unit weight of sheet pile.

The data provided by RSMeans is only limited to three unit weights (i.e. 22 psf, 27 psf,
and 38 psf per unit length of sheet pile). As can be seen from Figure 3.10, the total cost
increases with increasing unit weight. Following through with the assumption of
proportionality, a second order polynomial was used to fit the data points. This was
achieved by optimizing the constants of the polynomial using the “Solver” function in
Excel. The output of the Solver was a straight line graph. Once an expression between the
unit weight of the sheet pile and the normalized cost was obtained, it was possible to
predict normalized cost values of any section given the unit weight. Table 3.8 is a side-

by-side comparison of bare cost values and optimized predicted values.

83

www.manaraa.com



Table 3.8 RSMeans 2014 bare cost vs predicted cost.

Unit Unit wgt Total Normalized Predlcf[ed
wot (kPa) cost/m? bare cost/m? normalized
(Ib/sf) cost /m?
0 0.00 0.00 0.000 0.000
22 1.05 450.90 0.026 0.026
27 1.29 536.04 0.031 0.032
38 1.82 651.32 0.037 0.044

It can be seen from Table 3.8 that the predicted values are very close to the actual

RSMeans cost data values. The resulting plot between normalized total bare cost and unit

weight is shown in Figure 3.13.
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Figure 3.13 Preliminary Cost Chart.
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The corresponding linear equation to predict normalized cost is given by:
NC = mw (3-13)
where NC is normalized cost per square meter; @ is unit weight of sheet pile in psf; and

the slope, m, is equal to 0.0241.

Figure 3.13 provides a very useful tool for preliminary cost assessment. It is observed
that there are some discrepancies in the correlation between moments of inertia and the

unit weight of sheet pile.

For instance section A12-770 has | =21430 Cm4/m and @ =19.31psf (0.92kPa)

while AZ 12 has | =18140 cm“/m and o = 20.22 psf (0.97kPa), it can be seen that

this is contrary to the general trend of direct proportionality between the two. Hence, if
cost is of prime concern then Figure 3.13 indicates to the engineer/designer to explore

other sections that will fulfil the same relative flexibility requirement but cheaper.

3.5 Inverse Method for Designing Excavation Support Systems

The procedure that is proposed in this subsection allows the designer to choose
the various sections for the components (i.e. wall, struts, and wales) of the excavation
support system at an acceptable deformation to adjacent buildings, and will meet both
limits equilibrium and preliminary cost requirements. The following steps will be

necessary to the achievement of the above stated goals:

1. Define acceptable crack width in adjacent building, A|C: this is done using the

deformation criteria proposed by Burland et.al, (1977) (Table 2.4)
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Define infill wall dimension and calculate the normalized crack width: Define the
dimensions of the wall anticipated to be affected by the deep excavation (L is
length of wall; H is height of wall). Using the chosen crack width and the affected
wall dimension, calculate the normalized crack width, given by the ratio A|C/kNa||

in percentage.

Calculate the Flexibility Index, R: calculate the value of the flexibility index, that
value is related to the normalized crack width by reading the flexibility index
from Figure 3.7. Alternatively, one may use Equation (3-4).

Choose a trial horizontal and vertical strut spacing: as a guidance Das (2011)

suggest that both horizontal, S, and vertical strut spacing, S, , are about 2.75m for

braced excavations. Boone et al. (1998) also suggests S, values are generally

between 2.4 to 5.8m. In reality, it up to the designer to give due considerations for

the size of the construction equipment and processes that may control both
horizontal, S, , and S, .

Calculate the flexibility deficit, Raer: the flexibility deficit is a measure of the
required stiffness of the system based on the acceptable crack width criteria

chosen in Step 1. The value is determined using Equation (3-11).
Calculate required moments of inertia of support wall, |rqd . use Equation (3-12)

to calculate the required moments of inertia of the excavation support wall that
will achieve the system flexibility index.

Size wall: choose a design sheet pile section such that the moment of inertia of
sheet pile, |, is greater or equal to required moments of inertia, |rqd (i.e.
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10.

.o < lues)- In case of reinforced concrete, the Young’s modulus of elasticity can

be taken to be 27.6 GPa for design purposes. The |rqd per meter length of wall is

purely a function of the thickness of the wall, t, and given by:

3
g = i_z(mA) (3-14)

Preliminary cost check: evaluate a preliminary cost of project based on the unit
weight of the steel sheet pile section using Equation (3-13) or Figure 3.13. The
importance of this check is that it offers the designer an opportunity to explore
further options that may be cheaper, yet provide the same strength requirements
as the initial trial section. On the other hand, if cost is the driving factor then the

designer is obliged to reduce cost by choosing a design support system that trades

rigidity for cheaper cost. This is achieved through increasing the S, /SV ratio. This

will increase the rigidity deficit which will subsequently reduce the |rqd and
eventually reduce the preliminary cost.

Re-calculate system flexibility deficit using the chosen section: use |4 from step

7 to calculate the new rigidity deficit by making R, the subject of Equation (3-

12) so that:
S
R _ h 3-15
defdes [SV . Ides J ( )
Re-calculate the flexibility index using Ry : make R the subject of Equation (3-

11) and calculate its new value based on the new rigidity deficit as:
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11.

12.

13.

14.

R
R — defdes '32 3'16
e [111.92} ! (3-19)

Calculate anticipated crack width using Ry : based on the new flexibility index,

use Equation (3-7) to calculate the normalized crack width and subsequently the
crack width. The crack width should be less than that chosen in Step 1, otherwise
a bigger section is warranted.

Predict the ground movements: use Figure 3.6 or Equation (3-3) to determine the

angular distortion that will be generated from the modified support system. Next,

use Equation (3-6) to determine 5V(max). Finally, use Figure 3.9 or Equation (3-8)

to determine Oy, (e -

Determine number of strut levels: the number depends on the depth of the
excavation and the average vertical strut spacing (with guidance given earlier in
the chapter and in Step 4). Furthermore, consideration should be given to the
depth of the first strut. This depth should not be more than the depth of tensile
crack given by:

2S
Z,=— (3-17)
Vs

Determine the maximum moments in the wall: using the elastic section modulus,

Sges, OF the design section, we can calculate the maximum bending moments in
the wall using ANSI/AISC 360-10. Assuming a minimum yield stress of F,
(and for this research using A36 steel, F, =248.3MPa), the maximum moments
IS given by:

88

www.manaraa.com



M max Sdes ) I:y (3-18)

Figure 3.14 illustrates the moment distribution.

Wall Moment Diagram

% max Mmax
7

TTTT
\

(@) Continuous  (a) Simply supported
beam beam

Figure 3.14 Wall moment distribution (after Fang, 1991).

15. Calculate the uniform loading: from Figure 3.14, the uniform loading that will

produce the maximum bending moments in the wall is given by the expression:

8M

p= Szmax for simple spans (3-19)
10M

p= Szmax for three (3) or more spans (3-20)

'
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For this research, a span refers to the distance between any two struts. It should be
noted that continuous spans refer to arrangements with 3 or more spans and this

approach assumes an average uniform loading along the excavation support wall.

16. Calculate required wale section modulus, Srqd ,. the uniform load distribution and

actual load distribution is illustrated in Figure 3.15. The uniform load distribution

is used in the calculation of the moment induced in the wales.

Uniform loading. F

Moment distribution i i l\ L L i l L

i Y N Y
Axial
load Sy

~= :Wales ~=
e Struts — |/

MHW‘WH lﬂmﬂm mﬂmﬂm

Actual load condition

[—

@ (b)

Figure 3.15 Calculation of wale section modulus (a) moment distribution resulting from

uniform loading (b) deep excavation as seen in plan (Fang, 1991).
The moment in the wale is given by:

2

s
M e = % for three (3) spans (3-21)
ps; :
M e = [, for continuous spans (3-22)

Equation (3-21) is used when there four struts running longitudinally along the

excavation (i.e. four horizontal struts with three spacing between them). Equation (3.22)
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is used when there are more than four horizontally spaced struts running longitudinally to

the excavation.

Thus, the resulting required section modulus of the wale is given by:

M
= (3-23)

y

S

17. Size the wale: choose an H or W-section with section modulus, S, such that;

Srqd < Sdes (3'24)

18. Calculate strut loads: using the uniform loading calculated in step 15 and the

average vertical strut spacing of S, , the design strut load is given by:

P=p-s, (3-25)

19. Size strut: using load and resistance factor design (LRFD) for steel hollow
structural sections (HSS) as presented by the Manual of Steel Construction
(AISC, 2001).

. Calculate required cross-sectional area of section given by:
A =PR./F, (3-26)
ii. Size round HSS: choose a circular HSS with gross cross-sectional area, A, ,

such that: Ay 2 A,

iii. Determine effective length factor, K: assuming a hinge-hinge connection
as end condition of strut, K=1. This is recommended by researchers (Fang,

1991; Ou, 2006).
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iv. Calculate design compressive strength: Table 4-7 of AISC (2001) provide
the following steps for calculating the design compressive strength of the

trial section:
a. Design compressive strength = ¢,P, (3-27)
where ¢, the load resistance factor is equal to 0.85, and P, is the nominal axial

strength of the circular HSS and given by the expression:

P, =Fe A (3-28)
where F, is the critical stress for column buckling.

b. Determine the critical column buckling stress, , : this is computed from the

following equations:

if 7,,/Q <15, then F, =0[0.658%% JF, (3-29)

0.877
else Fcr:|: 7 }Fy (3-30)

2
(o

where 4, is the column slenderness and given by the expression:

_KE

1 =
rz\ E

C

(3-31)

r is the radius of gyration, | is the unsupported length of member, E is the
elasticity modulus of the material and Q is the effective area factor.

c. Determine effective area factor:

if A< 0.114E/Fy ,then Q =1 (3-32)
2 0.0379E
else if 0.114E/F < A <0.448E/F, , then Q=—+7—) (3-33)
/ y / ' 3 Fy Dpipe/tpipe
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where 1 is the wall slenderness ratio and equal to D, /'[pipe (where D ;. and

t, are the outside diameter and wall thickness of the circular HSS

respectively).

d. Check adequacy of section: check that the design compressive strength is
greater or equal to the ultimate axial load (i.e.4.P, 2 P,).
The aforementioned steps leading to the design of an excavation support system which

fulfills both limits equilibrium requirements and limited ground distortions, from induced

deformation in adjacent building standpoint, is summarized in the following flowchart

(Figure 3.16).
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Define acceptable crack width, Alc
v
Calculate normalized crack width
v
Predict flexibility index, R Predict maximum ground
v v
Choose trial Sv b/t 2.4m and 5.8m. Determine number of strut levels
Sh should accommodate v
v Calculate maximum wall moments
Calculate flexibility deficit, Rdef R +
[%2}
v 5 % Calculate uniform loading, p
*5_ —
Calculate required moments ° & v
. . D 5
of inertia, lrqq g § Calculate required wale section
(5]
>3 S 3 modulus, Srqd
®» o
, s = v
Size support wall such that, E_ 3
et < g w @ Size wale, Srqd < Sdes
rqd = ldes
Calculate strut loads, Py
Is cost ok, based +

i ? . .
on unitwgt: Design strut section based on

LRFD for HSS as presented by the
Manual of Steel Construction
(AISC, 2001) such that Pu< @Pn,

where ¢ =load reduction
factor. and P~ = nominal axial

Recalculate flexibility
deficit, Rdefdes

v

Choose bigger section

Recalculate flexibility index, Rdes

End

Is crack bigger

than that in step 1?

Figure 3.16 Inverse Method for Deep Excavation Support System Design.
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3.5.1 Sample Design to limit cracking in adjacent wall to 1mm (Very Slight Damage)

This section will be used to demonstrate how to use the proposed approach to design an
excavation support system that limits deformations in adjacent buildings caused by

excavation-induced ground settlement.

3.5.1.1 Input Parameters

Excavation Geometry: Depth, He = 12.2 m, Width, B = 25 m, Length of excavation is

very long (i.e. plane strain condition holds)
Soil Properties:

Use values on Table 3.1

Affected Adjacent Wall Properties

Length, L = 12 m, Height, H=6 m, E/G=2.6, Critical diagonal strain, »_. = 0.00109
Horizontal tensile strain, &, = 0.0005

3.2.1.2 Design Process

Step 1: Acceptable damage is very slight, A1, <1mm

Al 1
Step 2: N lized k width (%), —=
ep ormalized crack width (%) ] 12%10

~-100 = 0.008

wall

Step 3: From Figure 3.7 or Equation (3-4), R =2385.75Step 4: Using the guidance, let
average vertical strut spacing, S, =2.44M. Assume excavation equipment to be used is

Caterpillar 345CL Hydraulic with a width of 3.5m and allowing 1.5m maneuverability,

the horizontal strut spacing, S, =5M.
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Step 5: Flexibility deficit using Equation (3-11):
Ryt = 7251.53

Step 6: Required moments of inertia of support wall using Equation (3-12):

l,i¢ =28258.61cm*/m

S 5
where - =——=2.05
2.44

Step 7: Size wall

Assuming A36 steel, choose section SCZ 23 with the following properties:

l,, =28900cm*/m, ©=2335psf, s, =1700cm*/m, E =200.1kPa

des des

F, = 248.3kPa

Step 8: Preliminary cost check in GDP(PPP)/m? —1b - ft?
From Figure 3.13, Cost,,,, =0.027 GDP(PPP)/m?

It is assumed that cost is not controlling the design, thus cost is acceptable.

Step 9: Recalculate flexibility deficit

From Equation (3-25), the recalculated flexibility deficit, Ry = 7090.59. This is

consistent with the approach because we have seen that the flexibility deficit is inversely
proportional to the moments of inertia. Thus, an increase in moments of inertia warrants a
decrease in the flexibility index and subsequently a decrease in the flexibility index (i.e.

increase in rigidity).
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Step 10: Calculate new value of flexibility index

Use Equation (3-16) to calculate new flexibility index. This will give Ry, =377.18.
This is as expected because the design section is bigger than the required section, thus
making the excavation support system stiffer.

Step 11: Calculate anticipated crack width

Al,

From Equation (3-7), 3

(%)= 0.0016 . Using a length of wall of 12 m, Al, =0.19mm

This is acceptable since the value is less than that chosen in step 1.

Step 12: Predict ground movements

From Figure 3.6 or using Equation (3-3), angular distortion from the new support system
will be g =1.352x1072. Using Equation (3-6), dy (e =16.23mM and using Equation (3-

8) will yield 8y, =31.65mm

Step 13: Determine number of levels of struts

From Equation (3-17), depth of tensile crack z_ = 4.64m. To avoid excessive ground

movement near the surface, the distance between consecutive struts will be as follows
(i.e. from the surface down to bottom of excavation), Im, 3m, 3m,3m , and 2.2m. Note

that these lengths have not been optimized for effective moment distributions. The

average of this arrangement is 2.44m foran H, =12.2m

Step 14: Maximum Wall Moments
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From Equation (3-18), M, =Sy - F, =1700x107° x 248.3x10° = 422kN —m

Step 15: Average uniform loading for more than three (3) spans:

From Equation (3-20), p= 32

10M

max

10x422

== " 709kN/m?

'

Step 16: Required section modulus of wale

Wale moments for continuous span from Equation (3-22), M, =1477kNm/m for

continuous spans. Thus the resulting required section modulus of the wale is given by

(Equation 3-28): S, =5949¢m®/m.

Step 17: Size wale

Choose W30x132 section with Sy, =6227>§,; = ok

Step 18: Ultimate strut load

From equation (3-25) and using average strut spacing, P, =1730kN /m .

Step 19: LRFD Strut design (AISC, 2001)

3
Required cross-sectional area, A, = PR, _1730x10 70em?

F 248.3x10°

y

Trial section, CHS193.7x16.0 with Ag:89.3cm2>Arqd:>0k. Other

properties include I, =r, =6.31cm, t . =16.0mm, D, . =193.7mm

Effective length factor, K=1

a. Design compressive strength:
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b. ¢, =0.85

Dype _ 193.7
16

c. Wall slenderness ratio, A = =12.11

pipe

0.114E _ 0.114x 200.1x10°
F 248.3

y

=9187>1=0Q=1

d. Column critical buckling stress

F 2
/1c=£| _y=1><25><10 f 248.3 -0.044
rr\ E 6.31- 7 200.1x10

J1.AJQ =0.044x+/1=0.044 <15, thus

F, =Ql0.658% JF, =1(0.658"% ) 248.3x10° = 248095 kN /m?
e. Design compressive strength

¢,P, = 0.85x 247901x89.3x10™* =1883kN > P, = ok
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CHAPTER 4
4.0  Sensitivity Analyses
4.1 Introduction

This chapter presents the sensitivity analyses of the analytical approaches and
equations used in the previous chapter. The effects of varying parameters such as

moments of inertia of excavation support wall, |; length-to-height ratio of infill wall,
L/H ; factor of safety against basal heave, FS,; undrained shear strength of the soil, S,

; effect of frame structures; flexibility factor, 7; was studied in order to further

understand their roles in the proposed deformation based excavation support system
design. Variations in both the vertical and horizontal strut spacing serve as the basis for

generating excavation support system configurations. As a result, they were constantly

varied throughout the sensitivity analyses. The parameter S, was varied between 2.75m
and 5.05m, while SV/Sh was varied between 1 and 2.5.
4.2 Effect of Frame Structures

Boone (1996) noted that deformation in frame buildings was caused principally
by differential settlement of the columns. The differential settlement was attributed to the
high tensile resistance of frame structures. In fixed-end beams (such as in reinforced
concrete frames), the deflected shape relative to settlement at one end will mimic an
elongated S —shape with an inflection point at the mid-span as can be seen in Figure
4.1(a). In addition, Boone (1996) noted that the deflection can be shown to be equal to
AS/L . However, the minimum radius of curvature will be half of that for a simple wall
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modeled as a beam of equal length and equal differential settlement. Therefore,

calculations using L/H ratio, radius of curvature, and central deflection must be based

on the reduced length of 0.5L.

_ for infill walls

(@) (b)

Figure 4.1 Geometry of beams and infill/panel walls (a) fixed-end beam frame; (b) simple

beam frame (Boone, 1996).

The deformed shape, approximated as shown in Figure 4.1(a), is due to the fact that the
walls framed by beams and columns are subjected to rotation and elongation at either
end. These strains are resisted by adjacent columns and neighboring infill walls and the
distortion will be governed by the nearly parallel deformation of the bounding beams.
Since end rotation is restricted and the wall is forced to conform to the beam’s shape, the
wall itself will experience the greatest deformation between the wall quarter points with a

maximum shear at the mid-span equal to 2as/L (i.e. without rigid body rotation), or
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twice the angular distortion as defined by Skempton and MacDonald (1956). For simple
beams and columns (i.e. steel beam and girder construction), a deformed shape
resembling a rhombus, as shown in Figure 4.1(b), is likely. In which case Boone (1996)
noted that the shear strain (tany =AS/L) will be the same as Skempton and
MacDonald’s definition of angular distortion (excluding rigid body rotation). In both

cases, shear will be the likely predominant mode of strain deformation (Boone, 1996).

Based on the above background information, three cases (i.e. simple frame L =1;
hybrid of L=0.5; and fixed-endL=0.5) were investigated to see their effects on the

diagonal crack with using Equation (2-20). Figure 4.2 shows the variance of normalized
crack (AL/L)width with length-to-height ratio(L/H ). The chart was created using an

angular distortion of, g =0.002; critical angular distortion, s_. =0.001; and flexibility

crit

factor,  =1. The value of critical angular distortion is the value given by Meyerhof

(1956) and corroborated by the findings of Finno and Bryson (2002). The value

represents the angular distortion for onset of cracking in unreinforced load bearing walls.

It can be seen from the graphs that effect of end-condition of the frame structure

is little to insignificant as the L/H ratio approaches zero. Hence, the normalized crack
width (and crack width) is similar in all three cases. However, as the L/H increases

beyond about 0.2, the normalized crack width is clearly distinguishable between the three
cases. It is also clear from the graphs that fixed-end condition causes the maximum
distortions in infill walls due to the rigidity in the connection between the walls and the

bounding columns and beams. This results also agrees with the findings of Boone (1996).
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Figure 4.2 Effect of frame type on crack width.

The behavior of normalized crack width with frame types is similar when the flexibility

factor is » =0.5, as shown in Figure 4.3.
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Figure 4.3 Normalized crack width versus length-to-height ratio.

4.2 Effect of Flexibility Factor

As indicated earlier, Dulacska (1992) proposed the concept of flexibility factor,
n7, ranging from 0.5 to 1.0. In the proposed concept, 77 = 0.5 represents a stiff or solid
wall section, while 7, =1.0represents a highly punctured or flexible wall section. This

follows findings that stiffer structures are less affected by the ground distortions. Hence,
the use of the flexibility factor accounts for the rigid body response of the building to

excavation-induced ground distortions.

Following this, a sensitivity analysis was conducted to throw more light on the effect of
the flexibility factor on the normalized crack with, and subsequently the calculated crack
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width. Inspecting Equation (2-29), it is clear that there is a direct proportionality between
calculated normalized crack width and the flexibility factor. Hence, it will be of little
importance to vary only the flexibility factor. However, one may interested in exploring
further the behavior of the flexibility factor on the normalized crack width in walls of

varying L/ H ratio.

To do this, the following parameters were held constant; a fixed-end condition,
L=0.51; measured angular distortion, £ =0.002; and critical angular distortion,
B.iv =0.001. Nest the flexibility factor was varied from 0.5 (i.e. stiff wall section) to 1.0

(i.e. highly punctured wall section) and L/H from 0.5 to 5. By so doing, a better

understanding of the role of the flexibility factor on the calculation of normalized crack
width was gained. The significance of this study is that it provides an insight on
intermediate building stiffnesses since not all structures can be described as either highly

punctured or rid. Figure 4.4 is an illustration of the above description.
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Figure 4.4 Normalized crack width with flexibility factor.

From Figures 4.2 to 4.4, it is observed that normalized crack width still has a
stronger relationship across L/H ratios and the relationship with flexibility factor is seen
to be directly proportional. It follows that normalized crack width increases with

increasing flexibility factor and vice versa.

4.2.1 Verification of Fixed-Frame and Flexibility Factor

To ascertain the veracity of the two parameters discussed previously, Equation (2-
29) was used to predict crack width from case history data. The predicted crack width
values were then compared with Boone (1999) cumulative diagonal crack width data, and

the predicted values using Halim and Wong (2012) method. Table 4.1 is a summary of

the case history data based upon which the comparison was made.
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Table 4.1 Summary of 13 crack width case history data (after Boone, 1996).

L H v Measured
Case (mm)  (mm) L/H (n;nr?:) Crack Width
(mm)
é'é}'me"’h” (1974)struct. 1, 45500 1220 1246 1.00 0.18
i'l';'tt'ej"h” (1974)struct. 1. 45r00 1220 1246 6.00 0.92
i'é}'tt'e]"h” (974)sruct. L. 15500 1220 1246 1050 1.50
‘2"1';”“910“” (974)struct- 1, 15000 1220 1246 17.00 13.60
5.Golder Assoc. (1994) files 17300 2500  6.92  26.00 12.00
6. Peck et al. (1956) 3660 6000  0.61 3.20 6.00
Zéa\ulrvgson etal. (1984) blockB 19500 6000 3.00  55.00 40.00
o Mackeod/Paul (1984) Block 500 12600 067 350 2.00
g'l'v'ac'-e"d’ Paul (1984) Block 50000 13400  1.64 1.50 22.00
10. MacL eod/Paul (1984) 11000 7800  1.41 8.00 7.00
Block 7
11. Driscoll (1983) gable wall 13000 5400 2.41 5.00 2.50
12.Boscardin etal. (1979), C 10700 12500  0.86  6.40 6.00
13. Boscardin etal. (1979), D 6000 13500 044  18.80 25.00

The choice of the critical angular distortion in Equation (2-20) (i.e. Dulacska, 1996),
once again, was based on the value presented by Meyerhof (1956) and is equal t01/1000 .
Further credence to this value was provided by the work of Finno and Bryson (2002)
when they provided g =1/940 from their research. The frame condition was assumed to
be a fixed-end condition (i.e. L =0.51) and this is what Boone (1996) also used, and the
flexibility factor was assumed to be 7 =0.5(i.e. the wall was assumed to be highly
punctured). Table 4.2 provides the summary comparison of the three methods used in
predicting the crack width. It should be noted that the measured crack widths may not be
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exact. It could be the average in some cases and the minimum in others. For example, for
crack widths greater than 25mm, 25mm was used for the purposes of this study. And in
cases where a range of values were given, the average value was used. Further details on

the case history data can be found in Boone (1996).

Table 4.2 Summary of predicted crack widths and measured crack widths. All values in

millimeters.

Case Halim & Boone et al. Dulacska Mgﬁé’;’d
Wong (2012), ¢ (1999), Cp (1992) Width

1. I6|étrlejohn (1974) struct. 032 0.38 0.89 018

i. Il_litrleJOhn (1974) struct. 192 0.77 0.70 0.92

i. Il_létrleJOhn (1974) struct. 336 115 212 150

4. Littlejohn (1974) struct. 5 44 269 418 13.60

1,2.1r

5.Golder Assoc. (1994) files 14.87 3.81 12.04 12.00

6. Peck et al. (1956) 10.93 10.71 4.37 6.00

7. Wilson et al. (1984) block 69.57 26.17 5602 40.00

B rear C

8. MacLeod/Paul (1984)

Block 20 11.61 14.58 2.61 2.00

9. MacLeod/Paul (1984)

Block 21 3.12 1.40 6.18 22.00

10. Macleod/Paul (1984) 1851 10,54 8.58 7.00

Block 7

3\/161'”[)”5“0" (1983) gable 2.24 7.67 2.24 250

éz'Boscard'” etal. (1379), 19.45 19.04 6.85 6.00

%f' Boscardin et al. (1979), 68.72 99.57 3378 25.00

Figure 4.5 shows the performance of the Dulacska (1992) method compared to the

measure crack widths.
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Figure 4.5 Comparison of Dulacska (1992) predictions with measured data.

Figure 4.5 shows that the Dulacska (1992) method predicted very well generally.
The method over-predicted by more than 8mm in two instances (i.e. Cases 7 and 13).
Similarly, the method under-predicted by more than 9mm in two instances (i.e. Cases 4
and 9). Besides the four cases, the method predicted diagonal crack width values that
were within no more than 1.7mm from actual crack widths. Hence, the Dulacska (1992)

is fairly accurate.

Figure 4.6 illustrates the performance of the Boone (1996) data, Dulacska (1992)

predicted values, and Halim and Wong (2012) predicted values.
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Figure 4.6 Comparison of crack width data and prediction methods.

The unity line (i.e. 45° line) is created by plotting the measured crack width against
itself. This was used as the basis for graphically comparing the predictive power of the
three equations. Thus, the closer the predicted value to the line of unity, the stronger the
predictive performance of the corresponding method. Generally, the Dulacska (1992)
method provided a good a prediction as the other two. Out of the 13 cases, the Dulacska
approach predicted closer to the measured value in 7 instances than the other two
methods. While both the Boone (1996) data and Halim and Wong (2012) method out-
predicted the other two in 3 instances each. In Case 13, both the data provided by Boone

(1996) and the predicted value using the Halim and Wong (2012) method performed
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poorly, as can be seen from Figure 4.6. In Case 7, both the Dulacska (1992) and Halim

and Wong (2012) predictions as well as the Boone (1996) performed poorly. The Boone

(1996) data was the only under-prediction, while the other predicted methods over-

predicted by at least 16mm. Table 4.3 is a summary of the absolute difference between

the measured crack widths and Boone (1996) data, predicted values using Halim and

Wong (2012) and Dulacska (1992) methods. Enclosed values implies the most accurate

value of the three.

Table 4.3 Summary comparison of deviation from measured values.

Halim & Boone et

Case Wong  al. (1996), D(ullggzl)(a
(2012), c Cop
1. Littlejohn (1974) struct. 1, 0.6r 0.14 0.20 0.71
2. Littlejohn (1974) struct. 1, 1.1r 1.00 0.15 0.22
3. Littlejohn (1974) struct. 1, 1.6r 1.86 0.35 0.62
4. Littlejohn (1974) struct. 1, 2.1r 8.16 10.91 9.42
5.Golder Assoc. (1994) files 2.87 8.19 0.04
6. Peck et al. (1956) 4.93 4,71 1.63
7. Wilson et al. (1984) block B rear C 29.57 13.83 16.02
8. MacLeod/Paul (1984) Block 20 9.61 12.58 0.61
9. MacLeod/Paul (1984) Block 21 18.88 20.60 15.82
10. MacLeod/Paul (1984) Block 7 1151 3.54 1.58
11. Driscoll (1983) gable wall 0.26 5.17 0.80
12.Boscardin et al. (1979), C 13.45 13.04 0.85
13. Boscardin et al. (1979), D 43.72 74.57 8.78

The predictions by the different approaches compared side-by-side with the measured

crack widths are illustrated on Figure 4.7. This allows a quick estimation of how close the

method predicted in relation to the actual measured value.
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Figure 4.7 Crack width prediction accuracy of three methods (Dulacska, 1992; Boone,
1999; Halim & Wong, 2012).

4.3  Effect of Length-to-Height Ratio of Infill Wall

It has been shown already that the calculation of the critical angular distortion,

B« » depends on the value of the length-to-height ratio, L/H | of the infill wall, as

well as the calculation of the diagonal crack with, A|C[Equations 2-(15-19)], and
Equations 2-(28-29) respectively.

Hence, it may be of interest to find out how this relationship will affect the
flexibility index, R , and the normalized crack width. Figures 3.5 and 3.6 were developed

for the case of L/H =2. For the purposes of this investigation, the approach and
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relationship will remain the same all other values nonetheless, the following would

remain constant s, /s, = 2; soil properties given as shown Table 3.1; factor of safety
against basal heave, Fs, =1.5; the wall moments of inertia 1 =1000cm,/m (this is
arbitrary and for simplicity); s, will vary from 2.75m t05.05m; and vary only the L/H

ratio of the infill wall. The results are summarized as follows:

Table 4.4 Values of normalized crack width for varying L/H ratio.

ALJ/L (%)

R L/H=0.25 L/H=0.5 L/H=1 L/H=15 L/H=2 L/H=3 L/H=4 L/H=5
13514.35 0.18 0.17 0.12 0.09 0.06 0.03 0.00 0.00
14515.08 0.19 0.17 0.13 0.09 0.07 0.03 0.00 0.00
15551.55 0.19 0.18 0.13 0.10 0.07 0.03 0.00 0.00
16623.77 0.20 0.18 0.14 0.10 0.07 0.03 0.01 0.00
17731.72 0.20 0.19 0.14 0.10 0.07 0.03 0.01 0.00
18875.41 0.21 0.19 0.15 0.11 0.08 0.04 0.01 0.00
20054.85 0.22 0.20 0.15 0.11 0.08 0.04 0.01 0.00
21270.02 0.22 0.20 0.15 0.11 0.08 0.04 0.01 0.00
22520.94 0.23 0.21 0.16 0.12 0.08 0.04 0.01 0.00
23807.59 0.23 0.21 0.16 0.12 0.09 0.04 0.01 0.00
25129.99 0.24 0.22 0.16 0.12 0.09 0.05 0.02 0.00
26488.12 0.24 0.22 0.17 0.12 0.09 0.05 0.02 0.00
27882.00 0.25 0.23 0.17 0.13 0.09 0.05 0.02 0.00
29311.62 0.25 0.23 0.18 0.13 0.10 0.05 0.02 0.00
30776.97 0.26 0.24 0.18 0.13 0.10 0.05 0.02 0.00
32278.07 0.26 0.24 0.18 0.14 0.10 0.05 0.02 0.00
33814.91 0.27 0.24 0.19 0.14 0.10 0.06 0.02 0.00
35387.49 0.27 0.25 0.19 0.14 0.11 0.06 0.02 0.00
36995.81 0.28 0.25 0.20 0.15 0.11 0.06 0.03 0.00
38639.87 0.28 0.26 0.20 0.15 0.11 0.06 0.03 0.00
40319.67 0.29 0.26 0.20 0.15 0.11 0.06 0.03 0.00
42035.21 0.29 0.27 0.21 0.15 0.12 0.06 0.03 0.00
43786.49 0.30 0.27 0.21 0.16 0.12 0.07 0.03 0.00
45573.51 0.30 0.28 0.21 0.16 0.12 0.07 0.03 0.01
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Following the procedure as for the creation of Figure 3.5, plots of the normalized
crack width versus the flexibility index at various L/H ratios were developed, as
shown in Figure 4.8. In Figure 4.8, there is a general proportional relationship between
normalized crack width and the flexibility index. This is to be expected since a stiffer
excavation support system will provide a lesser flexibility index and vice versa.
Furthermore, it can be observed that as the L/ ratio increases, the normalized crack
width decreases. It should be noted that Equation (2-29) is setup in such a way that, crack
width is only recorded when angular distortions are greater than the critical angular
distortion. This explains why for /H = 5there is no observable crack width until the
flexibility index is about 37,000. The interpretation is that, for this current excavation
support system, one should only expect infill wall openings, due to cracks, when the

flexibility factor is about 37,000 or more in an infill wall with a dimension ratio

L/H =5
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Figure 4.8 Effect of L/H ratio on normalized crack width in infill wall.
4.4  Effect of Factor of Safety against Basal Heave
The factor of safety equation provided by Ukritchon et al., (2003) , as a

modification of the Terzaghi (1943) factor of safety, is related to the flexibility index

equation by the depth of embedment term, D . This can be seen reflected in the height of
the excavation support wall, H ., = H. + D, common to both expressions. The
factor of safety against basal heave, FSbh, determines the depth of embedment
(assuming all other parameters remain the same).

Hence, the accuracy of the proposed method depend on a deeper understanding of
the effect of the factor of safety against basal heave on the process. Maintaining all other
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parameters in the previous subsection as well as L/H =1, the value of Fs, was varied

from 1.5 to 2.1. Table 4.5 is a summary of the depth of embedment with changingrs,, .

Table 4.5 Effect of factor of safety against basal heave on excavation support system

configuration.

S w m
1.5 12.20 15.06 27.26
1.7 12.20 2276 34.96
1.9 12.20 30.46 42.66
2.0 12.20 3431 46.51
2.1 12.20 38.16  50.36

The plot of normalized crack width versus flexibility index is shown on Figure 4.9.

Generally, crack width increases with increasing flexibility index and the reason remain

as previously explained. Secondly, it can be seen that crack width increases with

decreasing factor of safety against basal heave, for a given flexibility index value.

Furthermore, it can be observed that when the depth of embedment is more than 4 times

the excavation depth, no damage is recorded. Again, this is due to the fact that the

configuration yields angular distortions lesser than the critical value. This only holds for

this configuration, since similar flexibility index values can be obtained in different

configurations.
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Figure 4.9 Influence of factor of safety on the stiffness of excavation support systems.

4.5 Effect of Undrained Shear Strength

The undrained shear strength, as seen in previous chapters, is used in calculations

involving the factor of safety against basal heave and the flexibility index. Throughout

the study, the value of the undrained shear strength, S, , has been limited to 42kPa (i.e.

medium clay). Thus, the perpendicular settlement profile was predicted using the medium

clay chart on Figure 2.5. Keeping the convention of the definition of medium clay in this

thesis (i.e. 25kPa <s, <50kPa ): reverting the value of FSy, to 1.5; as well as all other

parameters used in the previous subsection constant, the value of S, was varied to see
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the effect on the excavation-induced deformation in an adjacent infill wall. Table 4.6

summarizes the excavation configurations by varying S, .

Table 4.6 Effect of undrained shear strength on excavation support system configuration.

Su qu He B D Hwan
(kPa)  (kN/m’)  (m)  (m) (M) (m)

30 18.10 1220 25 38.16 50.36

35 18.10 1220 25 26.61 38.81

40 18.10 1220 25 1794 30.14

45 18.10 1220 25 1121 2341

Figure 4.10 shows a plot of the normalized crack width versus the flexibility index.
Again, it was observed that the pattern between normalized crack width and flexibility

index was repeated.
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Figure 4.10 Influence of undrained shear strength on the deformation resisting potential

excavation support systems.

From Figure 4.10, normalized crack width increases with increasing undrained shear
strength, for a given flexibility index. This result may be counterintuitive, as relatively
soft clays are generally associated with excessive consolidation and sometimes undergo
settlements in excess of the horizontal wall displacements (Goldberg, 1976). However,
recent works by Son and Cording (2005; 2011) have shown that indeed this relationship
is more probable. They conclude that a building founded on stiffer soil type may be more
susceptible to building damage as a result of excavation-induced ground movement,
compared to a softer soil given the same magnitude of ground settlement. They posit that
the lower deformation experienced in the relatively softer soil is due to the tendency of

the structure to modify the ground settlement profile, thus undergoing less distortion.
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4.6  Effect of Moments of Inertia of Support Wall

A quick inspection of Equation (2-3) reveals an inverse relationship between
flexibility index and the moments of inertia of the excavation support wall system. To
explore this relationship further, all parameters from the previous subsection was
maintained but varied only the moments of inertia, I, of the wall. Figure 4.11 is an

illustration of this relationship.
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Figure 4.11 Influence of excavation support wall moments of inertia on system flexibility.

Figure 4.11 illustrates the direct relationship between normalized crack width and

flexibility index. Despite the fact that the above relationship is for the case where

Sh/SV =2 similar relationship would be displayed with any Sh/SV ratio. Furthermore, the
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graph demonstrates that irrespective of the moments of inertia of the wall, there is a well-

defined relationship between normalized crack width and flexibility index. A similar

relationship is also demonstrated irrespective of L/H ratio of the infill wall, as shown in

Figure 4.12.
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Figure 4.12 Influence of moments of inertia of excavation support wall on normalized crack

widths in buildings with different L/H ratios.
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CHAPTER5
5.0 Method Validation
51 Introduction

This chapter describes the validation process for the proposed inverse excavation
support system design. A two dimensional (2D) model was developed in Plaxis and the
resulting ground settlements obtained from the analyses were compared with predicted
ground movements. This was the only viable means of verification for the proposed
method because no case histories exist were found in current literature to be used for the
same purpose. Furthermore, Plaxis has used frequently for analyzing both 2D and 3D
excavation support systems in past studies by other researchers (Finno and Roboski,
2005; Finno et al., 2007, Bryson and Zapata-Medina, 2012). Finally, it is noted that 2D
Plaxis is used solely for the purposes of showing the general trend in ground distortions

with respect to the excavation support system flexibility index.
5.2 2D Finite Element Model
The FE modeling software used to simulate a 2D cross-lot deep excavation was

“Plaxis 2D AE.02”. The software was used to analyze a simplified version of the Chicago

Avenue and State Street excavation (Finno et al., 2002). The simplified geometry of the

excavation consists of width-of-cut B =25m; depth, H, =12.2m: and extends in the

longitudinal direction for a very large distance (such that plane strain mode is applicable).

The sides of the excavation supported by a sheet pile wall was approximately 30mlong;
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wales; and horizontal struts which are spaced 5m apart forming a cross lot. No surcharge

as imposed on the surface along the excavation.

Figure 5.1 is a schematic of the 2D model. The soil was uniform throughout the depth.

17m 1 B=25m f 1 17m
Struts Wales
{ S _
I1.0m7
T
3.?Lm
3.0m
]L He=12.2m
3.0m
2.2Lm Medium clay o
Medium clay H=27.26m
Bottom of excavation
D=15.1m

Medium clay

Sheet pile walls

Figure 5.1 Geometry model of deep excavation.

It should be noted that Plaxis 2D only considers one half of the (in this case the left side)

excavation support system due to the symmetry in the geometry. From Figure 5.1, the

excavation process was simulated in five excavation stages. Within the model, the

interaction between the sheet pile wall and the soil was modelled at both sides by means

of interfaces (that were either positive or negative). Interfaces allow for the specification

of a reduced wall friction compared to the friction in the soil. Finally, the strut was

modelled as a spring element for which the normal stiffness is a required input parameter.
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5.2.1 Soil Parameters and Model

For a simplicity, a uniform soil type was assumed throughout the stratum.
However, the assumption of simplicity did not suppress the need to use soil properties

that simulate in situ conditions. The Hardening Soil constitutive model (HSM) was used

for the soil model. The HSM is an elasto-plastic multi-yield surface model. In
comparison to the Mohr-Coulomb model (MC) and other similar perfectly linear models,
which assumes a linear elastic perfectly-plastic behavior, the HSM is an advanced model
for the simulation of real soil behavior. The model achieves improved accuracy in soil

stiffness by using three different input stiffnesses: namely the triaxial loading stiffness,
Es,; the triaxial unloading stiffness, E,; and the oedometer loading stiffness, g_, . The

Hardening Soil Model also takes into account the stress-dependency of the stiffness

moduli. The implication of this is that all the stiffnesses increases with increasing
pressure. Usually, a reference stress of 1 bar or 100kPa is used and is related to all

three stiffnesses. Despite its advantages, it does suffer some limitations that are missing
in the model but present in real soils. For one, it does not account for softening due to soil
dilatancy and de-bonding effects. This arises from the fact that the model does not model
both hysteretic and cyclic loading, owing to its isotropic hardening nature. Furthermore,
the model does not distinguish between large stiffness at small strains and reduced
stiffness at engineering strains. This leaves room for error, as the user has to select the
stiffness parameters in accordance with the dominant strain. Lastly, it leads to longer

calculation times. Additional details of the hardening soil model (HSM) is beyond the
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scope of this thesis. The interested reader may find the details of the mathematical

formulations of the HSM in Schanz et al. (1999).

Table 5.1 is a summary of the Hardening Soil model parameters used in the 2D FE

model.

Table 5.1 Hardening Soil Parameters of 2D FE Modeling.

Undrained
Parameter Unit Medium
clay
Yunsat kN/m? 18.1
Vsat kN/m? 18.1
kx = k; m/day 0.00015
ky m/day 0.00009
Eso" kN/m? 6550
Eoedref kN/m2 4000
Eyef kN/m? 19650
cef kN/m? 0
® ° 29
7 ° 0
Our - 02
pref kN/m? 100
m - 1
Ko"® - 0.55
Cinc kN/m? 0
VYref m 0
Ck - 1E+15
Ry - 0.95
Tstrength  kN/m? 0
Rinterf - 1
o-inter m 0
125

www.manaraa.com



where C is cohesion; ¢ is angle of internal friction; ¥ is angle of dilatancy; s iS

unsaturated unit weight of soil; ,_ is saturated unit weight of soil; k is hydraulic
conductivity in the denoted direction; E;Sf is secant stiffness in standard drained trial test;
Eref

™ s tangent stiffness for primary oedometer loading; E is unloading/reloading

stiffness with a default value, EJff =3E5r§f , v, I1s Poisson’s ratio for unloading/reloading

with default value of 0.2; pris reference stress for stiffnesses with default value of
100kPa ; Mis the power for stress-level dependency of stiffness; K, is the K, -value
for normal consolidation with default K;° =1-sing; ¢ is cohesion increment; Y is
reference level; R; is interface strength with R; =1 for a rigid interface (i.e. an interface

with the same strength as the associated soil layer) and R; <1 for a flexible interface (i.e.

an interface of less strength than associated soil layer); and T strength is tensile strength

with default value of 0.

5.2.2 Steps involved in creating model

Below is the summary of the steps involved in creating the model in 2D Plaxis.
Detailed step-by-step can be found in “2D-1 Tutorial” manual from the software

manufacturer website.

1. Setup general settings. Set model dimensions; plane strain condition; and units, as

shown in Figure 5.2.

126

www.manaraa.com



Project properties I. % I
Project| Model

Type General
Model [Plane strain v] Gravity 1.0 g {~ direction)
Elements [15—Noded v] Earth gravity 9,510 mfs?
7 s 9,510 kijm?
Units e
Conto
Lenagth [m v] ontour
- 0.000 m
Force [kN v] fn
¥ 30.00 m
Time [day v] fmex A
¥ i 0,000 m Y4
Stress kM/m2 -
Ve 30.00 m
WWeight kMJm3
—p
A
Set as default ’ Mext ] ’ OK l [ Cancel

Figure 5.2 General settings in 2D Plaxis.

2. Define soil stratigraphy. Create a borehole log and define necessary parameters,

as shown in Figure 5.3.

(& Modify soil layers t =

Borehole_2 [

Add B Insert =5 Delete
SR pige)| Bimat J[ Bowe |
Head  0.000 Soil layers | water [ Initial conditions [ Field data|

Layers Borehole_2
- # Material Top Bottom
30,00 1 D Medium Clay 30,00 0,000

25.00

20,00

—1E.00— ]

10,00

E.000

Other boreholes at this position: Borehole_1 ’

EH Boreholes ] Materials ] ’ oK

Figure 5.3 Definition of stratigraphy.
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3. Define structural elements. In this study, the relevant elements are plate (i.e.
excavation wall which will be sheet pile); and struts (i.e. anchors). In this study,
the properties of sections designed using the inverse support system design are
used. This provides the basis for comparison of results. A generated mesh of the

excavation support configuration prior to excavation as shown Figure 5.4.

Figure 5.4 Left side of excavation model showing mesh prior to excavation.

4. Calculations. Plaxis 2D works similarly to practical construction, which means it
first installs the excavation support wall and then uses stages of excavation and
installation of struts until the final depth. Figure 5.5 shows the excavation to the

final depth, as well as the installed four levels of struts.
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Figure 5.5 2D Plaxis model showing excavation to final depth, and four levels of struts
installed.

Next was to perform calculation on the staged excavation. Finally, the results can be
viewed in the 2D Plaxis software. Since the interest of this research is in the excavation-
induced ground movements or settlement and the effect on adjacent building (and in
particular crack width), a closer attention was paid to the maximum lateral wall
movements and the maximum vertical ground movements. Figures 5.6 and 5.7 provides a
snapshot of the output of the model (i.e. maximum lateral movement and maximum

vertical settlement respectively).
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Figure 5.6 Output results showing maximum lateral wall movements.
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5.3  Prediction from Proposed Inverse Excavation Support System Design

The proposed deformation-based method was used to design all the various
components of the excavation support system in accordance with the procedure detailed

in Chapter 3.
Five crack width situations were considered as follows:

Table 5.2 Acceptable crack widths to guide the design of excavation support system.

Acceptable
Case crack width, Degree of damage
Alc (mm)
1 0.5 Very slight
2 1 Very slight to Slight
3 2 Slight
4 3 Slight
5 5 Slight to Moderate

Assuming L/H =2, and L=12m, the forward calculation will lead to obtaining

normalized crack width, aI_/L; Flexibility Index, R'; rigidity deficit, Reet ; and required

moments of inertia of the wall, |rqd .

It should be noted that the various guidelines provided in the development of the method

were strictly adhered when choosing the value for the horizontal strut spacing, s, . The

value was based on the width of an excavation equipment (e.g. Caterpillar 345C L

Hydraulic Excavator, which is about 3.5m wide) plus 1.5m additional space for

maneuverability. The value of the vertical strut spacing, S, , is based on the average strut
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spacing from Figure 5.1. The summary for the five cases for the forward calculations to

determine the required parameters are as follows:

Table 5.3 Forward calculations yielding required parameters.

Case (rﬁ:;]) (rl;]) A((lf/(/) I)‘ R (z) Ruef (?r:) Sh/Sv ( Cr:]rf;jm)
1 05 120 0.004 111.80 244 21149 5.0 2.05 96890.25
2 1 120 0.008 377.18 244 72515 50 205 28258.61
3 2 120 0.017 1127.26 244 24863.1 5.0 2.05 8241.85
4 3 120 0.025 1895.76 244 51118.8 5.0 2.05 4008.67
5 5 12.0 0.042 427476 2.44 126746.1 5.0 205 1616.76

Next, a sheet pile wall section was sized based on the required moments of inertia.

Afterwards, a back calculation was performed to ensure that the chosen section is

adequate. Adequacy of a design section can be defined in a number of ways. A section is

said to be adequate if all of the following are true: i) the section has a moments of inertia

greater or equal to the required; ii) the section has an acceptable cost based on the unit

weight; iii) the section has a lesser rigidity deficit than required; and iv) the section will

lead to lesser cracks within an adjacent building.
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Using the above definitions of adequacy, design wall sections were chosen and checked

against all four definitions using the proposed inverse method. Table 5.4 summarizes the

outcome of checks. Additional their respective normalized costs were calculated.

Table 5.4 Recalculated values based on design sections.

Case (rﬁ:;] Si;g(e)n (Cr:'ld‘flsm) l\fvrg]:jl'[t l[.'\)le(t:‘ Raefdes Res A((l,cA/) I)_ D(Zslicg "
(psf) m? (mm)
1 0.5 A?O%9- 97500 3859 0.045 2101.7 111.8 0.0004 0.04
2 1 SCz23 28900 23.35 0.027 7090.6 377.2 0.002 0.19
3 2 GU 6N 9670 14336 0.017 21191.1 11273 0.006  0.72
4 3 Cz 67 5750 13.72  0.016 35637.9 18958 0.011 1.31
5 5 SKS11 2550 11.26  0.013 80360.0 42748 0.026  3.14

where NC refers to the normalized cost.

It can be seen from Table 5.3 and Table 5.4 that the chosen sections meet all the four

conditions of adequacy and therefore will result in an excavation support system which

limits the distortions in adjacent buildings. In Table 5.4, the preliminary normalized cost

from the unit weight of the sections was computed. This check offers the designer the

option of exploring cheaper sections that will meet all the four adequacy conditions. But

for purposes of this research, it was assumed that cost is not the controlling factor.
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Figure 5.8 shows the plot of normalized cost versus moments of inertia of the excavation
support wall. There seem to be a general pattern between the two, where normalized cost
increases with increasing moments of inertia. As earlier indicated, there is a general

direct proportionality between moments of inertia and the unit weight of steel sheet pile.
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Figure 5.8 Distribution of normalized cost with design moments of inertia.

Alternatively, one may be interested in finding the relationship between expected
deformation and its associated preliminary cost. This can prove very useful because it
allows the designer/engineer to track cost and deformation simultaneously. In other
words, it can be viewed as cost-benefit analysis tool and can be used as a guide in making

business decisions. Figure 5.9 is a graph of normalized cost versus normalized crack
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width. From the graph, there seem to be a general decline of cost with increasing
normalized crack width. This is reasonable since the general trend between moments of
inertia and unit weight of sheet pile walls is proportional. Thus, as system flexibility

index increases, normalized cost decreases.
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Figure 5.9 Normalized cost versus normalized crack width.

Similar to Figure 5.8, Figure 5.9 can used as a cost-benefit analysis guide during the
design process. It allows the tracking of deformation with cost. This chart can be very
useful when making decisions concerning acceptable cost and acceptable damage to
adjacent structures due to excavation-induced distortions. For example, if cost is not the

critical issue then from Figure 5.9, the engineer may opt for the section chosen in Case 3
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(i.e. GU 6N) instead of that in Case 4 (i.e. CZ 67). Because Case 4 guarantees a diagonal
crack width of 1.31mm, while GU 6N would permit 0.72mm but the normalized cost
difference between the two is about 0.001GDP (PPP)/m?. The cost difference is small

compared to the anticipated damages that may be caused to adjacent building.

5.3.1 Prediction of Ground Movements

This subsection focused on determining the ground movements associated with
the designed excavation support systems (i.e. Cases 1 to 5). The importance of the step is
to allow the designer to do direct comparison with other methods in literature or the
output of finite elements programs for excavation support systems. Furthermore, it is the
only viable option for comparison given that no literature was found on the combined
design of excavation support systems and excavation-induced distortions in adjacent
structures. Table 5.5 is a summary of the various sections and their respective predicted

maximum horizontal and maximum vertical ground movements.

Table 5.5 Predicted ground movements.

. Angular

Case Alc Section distortion OV(max) OH(max)
(mm)  type X103 (mm)  (mm)

1 0.5 AZ 39-700 0.99 11.92 25.19

2 1 SCZ 23 1.35 16.23 32.63
3 2 GU 6N 1.79 21.42 41.18
4 3 CZ 67 2.04 24.45 46.00
5 5 SKS 11 2.50 30.05 54.68
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Because it is the ground movements that give rise to the distortions within the adjacent
building, it is necessary to look at the relationship between the predicted ground
distortions and the design normalized crack widths. Figure 5.10 is a plot of ground

movements versus flexibility index.
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Figure 5.10 Distribution of ground movement with system flexibility index.

From Figure 5.10, a general pattern can be observed between system flexibility index and
ground distortions. There seem to be a proportional relationship and it is reasonable. This
agrees with the overall concept of excavation support stiffness or flexibility index

because it is expected that as a system becomes more and more flexible, so should the
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ground movements increase. Furthermore, the only means for the ground to deform is

when the wall of the excavation system moves under the weight of the backfilled soil.

Hence, the more the backfilled soil moves, the more the wall of the excavation support

system should deform until equilibrium is attained. Conversely, a rigid support system

can only allow a small amount of deformation resulting from wall movements and

therefore the corresponding ground movement is little.

Similarly, it was of interest to explore the relationship between ground distortions and

normalized cost, this is shown in Figure 5.11.
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Figure 5.11 Distribution of normalized cost with ground movements.
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The distribution in the above graph is just what is to be expected. There is a general
decline in normalized cost as ground movements increases. It has already been shown
that the flexibility index of the excavation support system determines its reaction to
movements within the backfill soil. It has also been shown that these movements
increases with increasing system flexibility index. All things being equal, decreasing the
moments of inertia of the excavation support wall will increase the flexibility index.
Subsequently, a less expensive section by unit weight will yield a higher flexibility index

and also will allow higher ground distortions.

Further insight is given to the behavior between the design sections; normalized cost; and
ground deformations through a plot of anticipated crack width and design moments of

inertia, as shown in Figure 5.12.
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Figure 5.12 Distribution of anticipated crack with design moments of inertia.
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5.3.2 Designing the remaining components of the excavation support system

This section deals with designing the remaining components of the excavation

support system in accordance with the proposed method and will make use of steps 14 to

19 as detailed in chapter 3. The relevance of which is that the members (i.e. excavation

support wall and struts) sized using this process would be used as input parameters for

the 2D Plaxis model.

Table 5.6 is a summary of the wall moments; uniform loading; maximum wale moments;

and the maximum strut loads. VVarious wales, and strut sections were sized based on the

calculated moments and axial loads.

Table 5.6 Moments and axial loads used to design sections.

Design  Max. wall Equ_lvalent Max. wale Max.
uniform strut
Case Alc moments moments

mm)  kNm/m) % genmm) load

(KN/m?) (KN/m)

1 0.04 968.37 1626.53 3388.60  3968.73

2 0.19 422.11 709.00 1477.08  1729.96

3 0.72 155.19 260.66 543.05 636.01

4 1.31 142.77 239.81 499.60 585.13

5 3.14 84.67 142.22 296.29 347.01

The corresponding wall section properties used as input in 2D Plaxis is summarized on

Table 5.7.
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Table 5.7 Wall input properties in 2D Plaxis model.

Design

Case Al sc\eth?(l)ln (cmé/m) EA (kN/m) (kPEaI/m)
(mm)

1 004 AZ39-700 24000 4802400.00 195097.50

2 019  SCZ23 14540 290945400 57828.90

3 072  GUGN  89.00 1780890.00 19349.67

4 131 Cz67 8535 170785350 11505.75

5 314  SKS11 6960 139269600 5102.55

The corresponding struts sections and their properties used in the model are shown on

Table 5.8.

Table 5.8 Strut input properties in 2D Plaxis.

Design . A EA cor?éigs]ive

Case : rﬁ:;) Strut section (cm2m)  (kN/m) strength
(KN/m)

1 0.04 CHS 406.4x16.0 196.00 3921960.00  4135.96

2 0.19 CHS 193.7x16.0 89.30 1786893.00 1883.16
3 0.72 CHS 139.7x8.0 33.10  662331.00 697.53
4 1.31 CHS 101.6X10 28.80 576288.00 605.96
5 3.14 CHS101.6X5.6 16.90  338169.00 355.67

From Table 5.8, it can be seen that the design compressive strengths of the design strut

sections are either greater than or equal to the strut loads from Table 5.6. This is shown

on Figure 5.13.
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Figure 5.13 Comparison of design compressive strength and average strut load.

It should be noted that these are real A36 steel sections and their properties are readily

available in manufacturer’s data sheets. A summary of all the design sections, as used in

2D Plaxis, is provided on Table 5.9.
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Table 5.9 Summary of all sections used in 2D Plaxis model.

Case De(sringrlrl])A Ie sXc\,‘/t?(l)ln s:e/\c/gloen Strut section
1 0.04 AZ 39-700 W33x263 CHS 406.4x16.0
2 0.19 SCZ 23 W30x132 CHS 193.7x16.0
3 0.72 GU 6N W24X68 CHS 139.7x8.0
4 1.31 CZ 67 W24X62 CHS 101.6X10
5 3.14 SKS 11 W12x87 CHS101.6X5.6

5.4  Assessment of performance of proposed method

This section will provide a side-by-side comparison of the prediction of the

proposed method and the output (i.e. maximum horizontal and maximum vertical ground

settlement) values from 2D Plaxis.

Section details in Tables 5.7 through 5.9 served as data for material input parameters

(i.e. plates, and anchors) within the 2D finite element model. Analyses in 2D Plaxis was

conducted on a case-by-case basis. And in each case the Hardening Soil model properties

presented Table 5.1 was used for the simulation. In all the analyses within 2D Plaxis, the

water table was assumed to be below the bottom of the excavation and drainage type

“Undrained (A)” was used. A summary of the output values with respect to each case is

shown on Table 5.10.
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5.10 2D Plaxis-HSM ground movement values.

Design

Case Alc Wa” Wale Strut section Ov(max) OH(max)
section section

(mm)
1 0.04 AZ 39-700 W33x263 CHS 406.4x16.0 47.6 34.46
2 0.19 SCzZ 23 W30x132 CHS 193.7x16.0 50.64 39.8
3 0.72 GU 6N W24X68 CHS 139.7x8.0 54.67 50.44
4 131 CZ 67 W24X62 CHS 101.6X10 55,5 53.08
5 3.14 SKS 11 W12x87 CHS101.6X5.6 60.75 61.65

As earlier indicated, the comparison would be done on based on the last two columns of
the Table5.10 (i.e. 5V(max)and 5H(max)). Based on this criterion, a summary of the results

from both the proposed method and 2D Plaxis is in Figure 5.11.

Table 5.11 Ground movement comparison of proposed method and 2D Plaxis.

Ov(max) (MM) OH(max) (MmM)
Case ( ;‘1:%) ljz:is: Inverse method PI2a 2is rlr?(;/tehrcfg Plzaai s
1 0.5 0.37 11.92 47.6 25.19 34.46
2 1 0.69 16.23 50.64 32.63 39.80
3 2 1.76 21.42 54.67 41.18 50.44
4 3 2.19 24.45 55.5 46.00 53.08
5 5 2.38 30.05 60.75 54.68 61.65
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5.4.1 Maximum horizontal ground movement

A graph of the maximum horizontal ground movement from both methods versus

the design flexibility index is shown on Figure 1.14 for all the five cases.
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Figure 5.14 Comparison of maximum horizontal ground movements as predicted by inverse

method versus prediction of 2D Plaxis model.

Figure 5.14 shows that the deformation-based approach consistently predicted values
lesser than 2D Plaxis values. However, the predicted values compare favorably to 2D
Plaxis values. It can also be observed that the difference between the predicted values and

2D Plaxis values had no particular pattern with the flexibility index. Generally, the
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average difference was 7.95mm. To put this analysis into perspective, a simple Student t-
statistic was used to find a 95% confidence interval for the mean difference of the two
methods in predicting the maximum horizontal ground movements. A bar graph showing

the head-to-head values with respect to the cases is shown in Figure 5.15.
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Figure 5.15 Comparison of maximum horizontal ground movement as predicted by inverse

method versus 2D Plaxis model data.

Table 5.12 is a summary of statistical data on the results of the two methods.
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Table 5.12 Statistical data on proposed inverse values and 2D Plaxis values for maximum

horizontal ground movement.

Inverse i
method 2D Plaxis
Mean 39.94 47.89
Standard deviation 10.26 9.68
Difference in mean -7.95
Standard error 6.31
t-statistic at 95% C.I 2.13
Max. error estimate 13.45

Making the null hypothesis that the mean of the proposed method’s prediction is not
different from the mean of the 2D Plaxis values, a 95% confidence interval for the
difference in mean is given by the range(-21.40,5.50). This implies that with 95%
confidence, one can say that the average difference between the predicted values (i.e.
maximum horizontal ground movement) using the proposed method and 2D Plaxis values
is between -21.40mm (i.e. as much as 21.40mm less than 2D Plaxis values) and +5.50mm

(i.e. as much as 5.50mm more than 2D Plaxis values).

5.4.2 Maximum vertical ground settlement

A graph of the maximum vertical ground settlement from both methods versus the

design flexibility index is shown on Figure 5.16 for all the five cases.
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Figure 5.16 Comparison of maximum vertical ground settlement as predicted by

deformation-based method versus prediction of 2D Plaxis model.

Figure 5.16 shows that the 2D Plaxis model values were consistently greater than the
predictions from the deformation-based design method. It was also observed that the
difference between the 2D Plaxis data and the predicted values decreased with increasing
relative flexibility. For example , for a design flexibility index of 112, the corresponding
difference in 35.68mm (i.e. Case 1) while the difference is 30.70mm when the flexibility

index is 4245 (i.e. Case 5). Generally, the average difference was 33.02mm.

A bar graph showing a side-by-side comparison of the maximum vertical settlement is

shown in Figure 5.17.
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Figure 5.17 Comparison of maximum vertical ground settlement as predicted by

deformation-based method versus prediction of 2D Plaxis model

A summary of the statistical data on the results is shown on Table 5.13.

Table 5.13 Statistical data on proposed deformation-based values and 2D Plaxis values for

maximum vertical ground settlement.

Inverse method 2D Plaxis

Mean 20.81 53.83
Standard deviation 6.31 4.48
Difference in mean -33.02

Standard error 3.46

t-statistic at 95% C.I 2.13

Max. error estimate 7.38
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As previously done, making the null hypothesis that the mean of the proposed
method’s prediction is not different from the mean of the 2D Plaxis values, a 95%

confidence interval for the difference in mean is given by the range (- 40.40,-25.64). This

implies that with 95% confidence, one can say that the average difference between the
predicted values (i.e. maximum horizontal ground movement) using the proposed d
method and 2D Plaxis values is between -40.40mm (i.e. as much as 40.40mm less than

2D Plaxis values) and -25.64mm (i.e. not less than 25.64mm below 2D Plaxis values).

It should be noted, as earlier indicated, that predicted values may seem different
from the 2D Plaxis values, especially the maximum vertical ground settlement values.
This may not represent the true situation on the ground. Furthermore, the assumptions
within the 2D Plaxis program is beyond this research and may account for the disparities.

Thus, only real case history data will provide credibility to the proposed method.
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CHAPTER 6

6.0  Summary and Conclusion

6.1 Summary

The popularity of deep excavation in mostly urban areas is on the rise worldwide.
This is principally due to the fact that space in urban areas is very limited. The situation is
further compounded by the closeness of adjacent structures. The challenge, therefore, is
to be able to undertake such necessary developmental projects while limiting the damage,
caused to adjacent structures, due to the excavation-induced ground movements. This
underscores the need to be able to accurately predict the damage to adjacent buildings
due to excavation related ground movements. Though three-dimensional in nature, it is
fairly accurate to estimate the distortions assuming plane strain conditions. This
assumption is reasonable, given that the length of the deep excavation is very long

compared to the ground movements along the longitudinal.

Typically, limits equilibrium requirements are used in designing deep excavation
support systems. However, the problem associated with the approach is that it usually
results in excessive ground movements and consequently unacceptable adjacent structure
deformations. Additionally, current methods (both three-dimensional and two-
dimensional) consider the design of the excavation support system apart from the
damages caused to adjacent structures. This leaves much to be desired, since the ultimate

goal is to limit the distortions in adjacent buildings.

A new deformation-based approach (sometimes referred to as the inverse design

method) is proposed to address the problem of independent excavation support system
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design and distortions induced in adjacent buildings. The proposed semi-empirical
analytical approach will lead to the design of excavation support systems with the
controlling factor being the acceptable deformation in adjacent buildings. The method
also introduces a novel idea into the design of excavation support systems, hitherto
nonexistent in current literature; known as the preliminary cost estimate. Thus, not only
does the engineer design excavation support systems that automatically fulfills both
equilibrium requirements and deformations induced in adjacent structures, but also can
keep a finger on the cost of the decisions made in the design process. This provides a
real-time cost check along the way. This ensures that designs not only meet engineering

requirements, but also meets cost-benefits requirements.

A detailed literature review was the focus of Chapter 2. In Chapter 2, methods for
predicting perpendicular ground movements and calculating crack widths were reviewed.
The methods made use of relative flexibility, known in this research as flexibility index,
and factor of safety against basal heave. Various models for deformation in adjacent
structures were also presented. Additionally, the chapter reviewed cost comparison of

different excavation support wall systems.

Chapter 3 focused on the analytic approach and development of the proposed
deformation-based method. In Chapter 3, different excavation wall configurations (i.e.
varying both horizontal and vertical strut spacing), were used to calculate flexibility
index values given soil properties; excavation width; depth of excavation; varying
moments of inertia of excavation support wall; and a constant Young’s modulus of the
support material. The calculated flexibility index was then used to predict the

perpendicular ground movements or distortions. Assuming a rigid soil-structure
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interaction, the ground distortions were then imposed on the adjacent structure to produce
crack widths. The associated angular distortions were then used to calculate the
maximum vertical settlement within an infill wall. Next, the maximum vertical settlement
was related to the maximum horizontal ground movements using plot of case history
data. The concept of rigidity deficit, a measure of the amount of strength needed to
produce a desired deformation within an adjacent structure, was also introduced. Finally,
the concept of preliminary cost was developed. Preliminary cost entails the cost of
material and installation cost as a function of the unit weight of sheet pile wall. The
chapter ends in a proposed design flow chart. The flow chart details all the necessary
steps to the successful design of an excavation support system, which meets both

deformation an equilibrium requirements.

In Chapter 4, a sensitivity analyses of the various formulations used in Chapter 3
were presented. The sensitivity analyses involved further investigation of the effects of
flexibility factor on the calculation of crack widths; effect of frame structure on crack
width; effect of factor of safety against basal heave on deformations; effect of different
length-to-height ratios of infill wall; effect of moments of inertia of excavation support
wall on flexibility index and crack width; and the effect of different undrained shear

strength on flexibility index.

Chapter 5 presented a means to evaluate the proposed inverse design method. This was
achieved using a two-dimensional finite element model created using 2D Plaxis. First, the
proposed method was used to design all the members of an excavation support system as

well as the preliminary costing. Then using the sized members’ properties as input in 2D
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Plaxis, the associated output ground deformations were recorded for comparison with the

predicted ground movements using the proposed deformation-based method.

6.2 Conclusions

With regards to the detailed review of past literature, the following conclusions

can be made:

e Typical excavation support systems are designed first and foremost to meet
equilibrium requirements and then checks for ground deformations made

e The classical approach also relies on the apparent earth pressure diagrams
proposed by Peck (1969). However, the apparent earth pressure approach should
only be used in the calculation of strut loads, and are not valid for the calculation
of bending moments in the excavation support wall.

e Excavation support system designs should be governed more by the damages
induced in surrounding structures.

e The relationship between maximum horizontal ground movement and maximum
vertical ground settlement is widely used due to substantial records in case
history, thereby increasing its reliability.

e Ground settlement profiles can be predicted flexibility index.

e The assumption of “wished-in-place” wall is practical and widely supported by
researchers.

e Structures only begin to exhibit signs of distress only when critical strains, which

is an intrinsic property of the structural material, are overcome.
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e The deep beam model for assessing damage in structures is still favorable due to
its applicability to plane strain condition and requires parameters usually present
in literature.

e A proper understanding of soil-structure interaction is vital to the efficient and

cost effective design of excavation support systems.

Based on the semi-empirical deformation-based method of designing excavation support

systems, the following can be concluded:

e It is possible to design an excavation support system with damage to adjacent
building driving the design process.

e A design driven by damage to adjacent structures, automatically fulfills
equilibrium requirements. This saves time and cost.

e Preliminary cost of an excavation support system can be optimized during the
design phase of the excavation support system. This results in an efficient design
and also an initial costing tool compared to traditional engineering design

approaches for excavation support systems.
The following conclusions can be made from the sensitivity analyses:

e The end-condition of an infill wall determines, to a large extent, the amount of
distortions experienced by the wall.

e Normalized crack width decreases with increasing length-to-height ratios.

e The Dulacska (1992) method can out predict or perform similarly to competing
methods for calculating deformations (i.e. crack width) caused by ground

movements.
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e Normalized crack width is inversely proportional to the factor of safety against
basal heave.

e Normalized crack width varies proportionally to the undrained shear strength of
the soil.

e Normalized crack width is proportional to the flexibility index.

e Preliminary cost of an excavation support system is directly proportional to the

unit weight of the sheet pile section.

Based on the method evaluation using 2D finite element software package (2D Plaxis),

the following conclusions are made:

e For very long length of excavation, plane strain condition is valid. Thus a 2D
finite element simulation, and by extension 2D excavation support modelling, is a
very useful tool in studying excavation-induced deformations in adjacent
structures.

e Maximum horizontal ground movements compared very favorably with the
maximum horizontal ground movements from 2D Plaxis. A 95% confidence
interval of the difference in mean shows that the proposed method can predict as
much as 21.40mm below 2D Plaxis values and as much as 5.50mm more than 2D
Plaxis values.

e The maximum vertical settlement from both methods indicates that the proposed
inverse method consistently predicted values lower than those from the 2D Plaxis
simulation. A 95% confidence interval of the difference in mean showed that the
proposed method can predict as much as 40.40mm lower than 2D Plaxis

simulation values.
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e 2D Plaxis values are used solely for the purposes of showing the trend of ground
distortions with system flexibility index. Differences may be due to assumptions,
within 2D Plaxis, beyond this research.

e True case history data would be needed to test the prediction capabilities of the

proposed method.

Given the complexity involved with soil-structure interaction and the prediction
of excavation-induced distortions in adjacent building, the deformation-based design
method indeed presents a strong case for future researchers. The proposed method is
largely successful in not only creating a solution driven by deformation in adjacent
structures, but also provides an optimized design process. It has also incorporated a
costing aspect during the design phase. The benefit is that, business decisions can be
made in a timely fashion because design need not be complete before costing proves
that the project is unprofitable. Notwithstanding, further research is needed to verify

the method using real case history data.
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APPENDIX A
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A.0  Two-dimensional (2D) Finite element simulation of deep excavation

Al Introduction

A complete 2D FE simulation of a submerged construction of an excavation is
presented herein. The software package used is PLAXIS 2D AE. This appendix presents
the full details as presented by the software manufacturers for the construction of a

submerged excavation.

The wall is “wished-in-place”. The excavation is 25m wide and the final depth is 12.2m.
It extends in the longitudinal direction for a large distance, so that plane strain condition
is applicable. The sides of the excavation are supported by a sheet pile wall
approximately 30m long and are braced by horizontal struts at horizontal interval of 5m.

The entire stratum is assumed to be uniform and of medium clay (Figure A.1).

Since the geometry is symmetric, only one half (in this case only the left side) is
considered in the analysis. The excavation process is simulated in five separate
excavation stages. The sheet pile wall is modeled by means of a plate. The interaction
between the wall and the soil is modelled at both sides by means of interfaces. The
interfaces allow for the specification of reduced wall friction compared to the friction in
the soil. The strut is modelled as a spring element for which the normal stiffness is a

required input parameter.
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A2  Input

The geometry of the model is created by following the steps:

A.2.1 General Settings

e Start the Input program and select Start a new Project from the Quick select
dialog box.

e In the Project tabsheet of the Project properties window, enter an appropriate title.

e In the Model tabsheet keep the default options for Model (Plane strain), and

Elements (15-Node).
e Set the model dimensions to Xmin = 0.0M, Xmax = 30M, Ymin = 0.0m, and Ymax =

30.0m.

e Keep the default values for units and constants and press OK to close the Project

properties window.

A.2.2 Definition of soil stratigraphy

To define the soil stratigraphy:
Create a borehole at x = 0m. The Modify soil layers window pops up.

e Add the uniform soil layer by setting the top level to 30m and the bottom level to

om.

e Set the Head in the borehole to Om. This model assumes water table is below

bottom of excavation.

One data set is created for the medium clay layer as follows:
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e Click the Materials button on the Modify soil layers window. The Material sets

window pops up where the Soil and interfaces option is selected by default as the

Set type.

e Click the New button in the Material sets window to create a new data set.

e Enter an appropriate name for the medium clay layer and select Soft soil as the

Material model. Set the Drainage type to Undrained (A).

e Enter the properties of the uniform soil layer as listed in Table A.2.1. In the

General

Table A.2.1- Material properties of medium clay layer

Undrained
Parameter  Unit Medium
clay
Yunsat kN/m?3 18.1
Psat kN/m? 18.1
kx = k; m/day 0.00015
ky m/day 0.00009
Eso"f kN/m? 6550
Eoed™  kN/m? 4000
Eur kN/m? 19650
c'ef kN/m? 0
17 ° 29
7 ° 0
Dur - 02
pref kN/m? 100
m - 1
Ko"™® - 0.55
Cinc kN/m?3 0
Vref m 0
Ck - 1E+15
Rt - 0.95
T strength  kN/m? 0
Rinterf - 1
o-inter m 0
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Parameter and Flow tabsheets.

e Click the Interfaces tab. Select the Manual option in the Strength drop-down
menu. Enter a value of 1.0. This implies that the interface has the same strength

properties as the soil.

A.2.3 Definition of Structural Elements

The creation of sheet pile or diaphragm walls, strut, and excavation levels is described

below.

e Click the Structures tab to proceed with the input of structural elements in the

Structures mode
To define the diaphragm wall:

0 Click the Create structure button in the side toolbar.
0 In the expanded menu select the Create plate option

¢ In the draw area move the cursor to positon (17.5, 30) at the upper horizontal line
and click. Move 27.26 m down (17.5, 2.74) and click. Click the right mouse

button to finish the drawing.

Click the Show materials button in the side toolbar. Set the Set type parameter in the
Material sets window to Plates and click the New button. Enter an appropriate name
as an Identification of the data set and enter the properties as given Table A.2.2. Set

the Poisson’s ratio for all plates to 0.32 (i.e. A36 steel).
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Table A.2.2- Material properties of the diaphragm wall (Plate)

Case Wall section Unit wgt (psf) (kﬁ/A\m) (kPE\I/m)
1 AZ 39-700 38.59 4.80E+06 1.95E+05
2 SCZ 23 23.35 2.91E+06 5.78E+04
3 GU 6N 14.336 1.78E+06 1.93E+04
4 CZ 67 13.72 1.71E+06 1.15E+04
5 SKS 11 11.26 1.39E+06 5.10E+03

e Click OK to close the data set.

e Drag any of the Diaphragm wall data set to the wall in the geometry and drop it as

soon as the cursor indicates that dropping is possible.

e Click OK to close the Material sets window.

To define interfaces:

e Right-click the plate representing the diaphragm wall. Point to Create and click on

the Positive interface option in the appearing menu (Figure A.2.1). In the same

way assign a negative interface as well.

It should be noted that in order to identify interfaces at either side of a geometry line, a

positive sign or negative sign is added. This sign has no physical relevance or influence

on the results.

To define the excavation levels

Click the Create line button in the side toolbar.
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Figure A.2.1- Positive interface assignment to existing geometry

To define the first excavation stage move the cursor to positon (17.5, 29.0) at the
wall and click. Move the cursor 12.5m to the right (30.0, 29.0) and click again.
Click the right mouse button to finish drawing the first excavation stage.

To define the second excavation stage move the cursor to position (17.5, 26.0)
and click. Move to (30.0, 26.0) and click again. Click the right mouse button to
finish drawing the second excavation stage.

Similarly for third, and fourth excavations follow previous step using the
coordinates (17.5, 23.0) to (30.0, 23.0) and (17.5, 20.0) to (30.0, 20.0)
respectively.

The fifth and final excavation is defined by clicking the position (17.5, 17.8) at
the wall. Move the cursor 12.5m to the right (30.0, 17.8) and click again. Click

the right mouse button to finish the excavation levels.
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To define the strut:

Click the Create structure button in the side toolbar and select the Create fixed-end

anchor button in the expanded menu.

e Move the cursor to (17.5, 29.0) and click the left mouse button. A fixed-end

anchor is added, being represented by a rotated T with a fixed size.

Click the Show materials button in the side toolbar. Set the Set type parameter in the
Material sets window to Anchor and click the New button. Enter an appropriate name as
an ldentification of the data set and enter the properties as given in Table A.2.3. Close

OK to close the data set.

It should be noted that the Spacing out of plane, Lspacing, IS the same for all configurations

and equal to the horizontal strut spacing, s, =5.0m. And the Young’s modulus of

elasticity of A36 steel is E =200.1GPa.
e Click OK to close the Material sets window.

Table A.2.3- Material Properties of struts (anchors)

. . EA of strut
Case Wall section Strut section (kN/m)
1 AZ 39-700 CHS 406.4x16.0 3.92E+06
2 SCzZ 23 CHS 193.7x16.0 1.79E+06
3 GU 6N CHS 139.7x8.0  6.62E+05
4 CZ 67 CHS 101.6X10 5.76E+05
5 SKS 11 CHS101.6X5.6 3.38E+05
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e Make sure that the fixed-end anchor is selected in the draw area.

e In the Selection explorer assign the material data set to the strut by selecting the
corresponding option the Material drop-down menu.

e The anchor is oriented in the model according to the Dirctcionyx and Directiony
parameters in the Selection explorer. The default orientation is valid in this
simulation.

e Enter an Equivalent length of 12.5 m corresponding to half the width of the

excavation (Figure A.2.2)

Selection explorer
= @y Selection

E} FixedEndanchor
E}- Material: SCZ165trut
o Colour: M
Cirection,: 12,50 m
Direction W 0.000 m
.. Equivalent length: 12,50 m

Figure A.2.2- Parameters for fixed-end anchors in the Selection explorer.

A.2.4 Mesh Generation

e Proceed to Mesh mode.

Create the mesh. Use the default option for the Element distribution parameter

(medium).

View the mesh. The resulting mesh is displayed in Figure A.2.3
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e Click on the Close tab to close the Output.

Figure A.2.3- A sample generated mesh

A.2.5 Calculations

In practice, the construction of an excavation is a process that can consist of several
phases. First, the wall is installed to the desired depth. Then some excavation is carried
out to create space to install an anchor or a strut. Then the soil is gradually removed to
the final depth of the excavation. Special measures are usually taken to keep any water

out of the excavation. Props may sometime s be used to support the retaining wall.

In Plaxis, these processes are simulated with the Staged construction loading type
available in the General subtree of the Phases window. It enables the activation or
deactivation of weight, stiffness and strength of selected components of the finite element

model.
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e Click on the Staged construction tab to proceed with the definition of the
calculation phases.

e The initial phase has already been introduced. Keep type as Ko procedure. Make
sure all the soil volumes are active and all the structural elements and load are

inactive.
Phase 1: Activate plate
In the Phases explorer click the Add phase button to introduce a new phase.

e The default settings are valid for this phase. In the model the full geometry is

active except for the wall, interfaces, and strut.

Click the Select multiple objects button in the side toolbar. In the appearing menu point

Select line and click on the Select plates option.

e Inthe draw area define a rectangle including all the plate elements

e Right-click the wall in the draw area and select the Activate option from the
appearing menu. The wall is now visible in the color that is specified in the
material dataset.

e Make sure all the interfaces in the model are active.
Phase 2: First excavation stage (1m from surface)
In the Phases explorer click the Add phase button to introduce a new phase.
e A new calculation phase appears in the Phases explorer. Note that the program
automatically presumes that the current phase should start from the previous one
and the same objects are active.
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e The default settings are valid for this phase. In the Staged construction mode all
the structure elements except the fixed-end anchor are active.
¢ Inthe draw area right-click the top right cluster and select the Deactivate option in

the appearing menu. Figure A.2.4 displays the model for the first excavation

phase.

Figure A.2.4- Model view for the first excavation phase
Phase 3: Installation of first strut level 1m below surface

Add a new phase.

e Activate the strut. The strut should turn the set color (in this case blue) to indicate

it is active.
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Phase 4: Second excavation (to 4m depth from surface)
Add a new phase

o Deactivate the second cluster from the top on the right side of the mesh. It should

be the topmost active cluster (Figure A.2.5)

Figure A.2.5- Model for the second excavation phase
Phase 5: Installation of second level of strut (4m below surface)
Add a new phase.

e Activate the strut. The strut should turn the set color (in this case blue) to indicate

it is active.
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Phase 6: Third excavation (to 7m depth from surface)
Add a new phase

e Deactivate the third cluster from the top on the right side of the mesh. It should be

the topmost active cluster (Figure A.2.6)

Figure A.2.5- Model for the third excavation phase
Phase 7: Installation of third level of strut (7m below surface)
Add a new phase.

e Activate the strut. The strut should turn the set color (in this case blue) to indicate

it is active.
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Phase 8: Fourth excavation (to 10m depth from surface)
Add a new phase

e Deactivate the third cluster from the top on the right side of the mesh. It should be

the topmost active cluster (Figure A.2.7)

Figure A.2.7- Model for the fourth excavation phase
Phase 9: Installation of last level of strut (10m below surface)
Add a new phase.

e Activate the strut. The strut should turn the set color (in this case blue) to indicate

it is active.
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Phase 10: Last excavation (to 12.2m depth from surface)
Add a new phase

¢ In the final calculation stage the excavation of the last layer inside the pit is
simulated. Deactivate the fifth cluster from the top on the right side of the mesh

(Figure A.2.8).

Figure A.2.8- Model for the final excavation phase

The calculation definition is now complete. Before starting the calculation it is suggested
that you select nodes or stress points for a later generation of load-displacement curves or

stress and diagrams. To do this, follow the steps below.

Click the Select points for curves button in the side toolbar. The connectivity plot is

displayed in the Output program and the Select points window is activated.
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e Select some nodes on the wall at points where large deflections can be expected.
The nodes located near that specific location are listed. Select the convenient one
by checking the box in front of it in the list. Close the Select points window

(Figure A.2.9)

1 * r:

i1
L]

-

Figure A.2.9- Selection of points of interest for ground movements

e Click on the Update tab to close the Output program and go back to the Input

program.

Calculate the project
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During a Staged construction calculation phase, a multiplier called =Mstage is

increased from 0.0 to 1.0. This parameter is displayed on the calculation info window. As

soon as

>Mstage has reached the value 1.0, the construction stage is completed and the
calculation phase is finished. If a Stage construction calculation finishes while Mstage is

smaller than 1.0, the program will give a warning message. The most likely reason for not
finishing a construction stage is that a failure mechanism has occurred, but there can be
other causes as well. See the Reference Manual, available on software manufacturer’s

website, for more information about Stage construction.
A.2.6 Results
As earlier indicated the interest of this research is on the displacements, thus only
maximum horizontal and maximum vertical values will be featured.
To examine the results of this project follow these steps;
e Click the final calculation phase in the Calculations window.

Click the View calculation results button on the toolbar. As a result, the Output program
is started, showing the deformed mesh (scaled up) at the end of the selected calculation

phase, with an indication of the maximum displacement.

The results for the various configurations are shown below:
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Output Version 2013.2.16712.10959
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Figure A.2.10 Case 1: Maximum horizontal ground movements.
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Cutput Version 2013.2.18712.10959
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Figure A.2.11 Case 1: Maximum vertical ground settlement.
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OCutput Version 2013.2.16712.10859
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Figure A.2.12 Case 2: Maximum horizontal ground movements.
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OCutput Version 2013.2.16712.10859
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Figure A.2.13 Case 2: Maximum vertical ground settlement.
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Qutput Veersion 2013.2.16712.10958
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Figure A.2.14 Case 3: Maximum horizontal ground movements.
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Qutput Version 2013.2.18712.10959
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Figure A.2.15 Case 3: Maximum vertical ground settlement.
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Qutput Version 2013.2.16712.10959
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Figure A.2.16 Case 4: Maximum horizontal ground movements.
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Output Version 2013.2.16712.10959
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Figure A.2.17 Case 4: Maximum vertical ground settlement.
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Qutput Version 2013.2.16712.10859
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Figure A.2.18 Case 5: Maximum horizontal ground movements.
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Output Version 2013.2 16712.10959
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Figure A.2.19 Case 5: Maximum vertical ground settlement.
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B.0O RSMeans Cost Data

B.1 RSMeans 2014 Bare Costs

e

oring

621

Figure B.1- Bare costs
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B.2 RSMeans Reference Tables
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C.0 Comparison Retaining Wall Design and Cost Study: Steel Sheet Piling vs. Various

Walls by NASSPA, 2009

1.1 Conceptual Model
Wall Properties

H:=19-ft Exposed Wall height
L :=1001t Wall Length

1.1.1 Soil and Site Parameters

Retained Soil - Existing above Excavation Level
v = 120-pef Soil Density
¢f := 30-deg Angle of internal friction

5:=0 Angle of friction between soil and wall or per
AASHTO table 5.5.2B

B = 90-deg Batter of Wall, where 90 degrees is
vertical except at Concrete Modular

Units ) .
o = 18-deg Slope of Retained Soil (approx 1:3 slope)

ci=0 Soil Cohesion

Foundation Soil - Below Excavation Level - same as Retained Soil
above Excavation Level

Design Standard - AASHTO Standard Specifications for Highway
Bridges - 17th Edition 2002 - Allowable Strength Design

Figure C.1- Model parameters
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NORTH AMERICAN STEEL SHEET PILING ASSOCIATION
RETAINING WALL STUDY
Section 1.2 Summary of Costs and Construction Time

Retaining YVall Type

Grouted Anchor Steel Sheet Pile Wall
Cast-In-Place Remnforced Concrete Wall
Concrete Modular Unit Gravity Wall
Mechanically Stabilized Earth Wall
Soldier Pile and Lagging Wall

Slurry Wall*

All Walls

Construction
Duration (Days)

13

47

31

35

26

Tatal Cost
for 100 ft.
Wall

$ 90607
$ 258572
$ 144741
$ 181,593
$ 171,856

$ 400,145

Cost per
Linear Ft.

906.07
2,585.72
1,447.41
1,815.93
1,718.56

4,001.45

Cost per
Square Ft.
$ 47.69
$ 13609
$ 76.18
$ 95.58
$ 9045
$ 21060

*Concept model - not typical application for slurry wall but included in study to give comprehensive range of
options

Figure C.2- Summary of costs and construction time of all walls
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NORTH AMERICAN STEEL SHEET PILING ASSOCIATION
RETAINING WALL STUDY
Section 1.2 Summary of Casts and Construction Time

All Walls
Tatal Cost
Construction  for 100 ft. Cost per Cost per
Retaining Yall Type Duration (Days) Wall Linear Ft. Square Ft.
Grouted Anchor Steel Sheet Pile Wall 13 $ 90607 % 906.07 % 47.69
Cast-In-Place Reinforced Concrete Wall 47 $ 258572 $ 258572 § 13609
Concrete Modular Unit Gravity Wall 31 $ 144741 % 144741 % 76.18
Mechanically Stabilized Earth Wall 35 $ 181593 % 181593 % 9558
Soldier Pile and Lagging Wall 26 $ 171856 % 1,71856 $ 90.45
Slurry Wall* 64 $ 400,145 % 400145 $ 21060

*Concept model - not typical application for slurry wall but included in study to give comprehensive range of
options

Figure C.3-Summary of costs and construction time for cast-in-place reinforced concrete wall
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NORTH AMERICAN STEEL SHEET PILING ASSOCIATION
RETAINING WALL STUDY
Section 1.3 Summary of Costs and Construction Time, Each Yall

Concrete Modular Unit Gravicy Wall

Pay Item Daily Output
No. Item Unit Quanfity (unit/day) | Time {day) Unit Cost Cost
07 Backfill structural 105 HP, 150 ft. haul, sand &pravel ICY 2,701.0 670 5|8 202) 8 5.637.82
08 Bomow loading Select granular fill BCY 2,7240 NA -1 8 13.86| $ 37.754.64
09 Compaction, riding, vibrating roller |12 in. lift, 2 passes ECY 2,7240 5200 1/ % 023] % 626.52
Conipaction, walk behind, vibrating
10 plate 12 in. lift, 2 passes ECY 117.0 560 1% 0.78) § 01.26
14 ft to 20 ft deep, 1.5 cy hdraulic
12 Excavation, trench, common earth  |backhoe BCY 20440 480 70 % 3.86| % 11,363 .84
Fabric, laid in trench, adverse
16 Geotextile for subsurface drainape  |conditions SY 3000 1600 1% 218| § 654.00
18 Forms in place, footing Continunous wall, plywood, 2x SFCA 400.0 440 1% 280 8% 1,120.00
21 Reinforcing steel, AG615 Gr 60 10 - 50 ton job #3 to #7 bars N 215 2.1 108 282500/ 8% 60.737.50
23 Concrete, ready mix Normal weight, 3500 psi CY 146.5 NA -1 % 114.00| $ 16.701.00
24 Placing concrete, footings Continuous, shallow, direct chute CY 1280 120 20 % 21.00] % 2.688.00
25 Placing concrete, footings Continuous, shallow pumped CY 18.5 150 118 2800] § 518.00
27 Placing concrete with crane CY 128.0 05 2|8 53.50| § 6,848.00
Totals 31 $ 14474058
Costper LF % 144741
6 of 78 CostperSF § 76.18

Figure C.4-Summary of costs and construction time for concrete modular unit gravity wall
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NORTH AMERICAN STEEL SHEET PILING ASSOCIATION
RETAINING WALL 5STUDY
Section 1.3 Summary of Costs and Construction Time, Each Wall

Mechanically Stabilized Earth Wall

Pay Item Daily OQutput
No. Item Unit Quantity (unit/day) | Time (day) Unit Cost Cost
07 Backfill structural 105 H.P., 150 f&. haul, sand &gravel LCY 3.5083.0 670 6| % 202 § 7.257.86
038 Bomow loading Select granular fill BCY 3,5030 NA -3 13.86] § 49708 98
09 Compaction, riding, vibrating roller |12 in. lift, 2 passes ECY 35030 5200 1% 0.23] § §26.390
Compaction, walk behind, wibrating
10 plate 12 in_ lift, 2 passes ECY 117.0 560 1[% 0.78) § 01.26
14 ft to 20 ft deep, 1.5 cy hdraulic
12 Excavation, trench, common earth  |backhoe BCY 35030 480 g s 3.86( % 13 868 93
Fabric, laid in trench, adverse
16 Geotextile for subsurface drainage  |conditions SY 4389 1600 1% 2.18) § 956.80
21 Reinforcing steel, A615 Gr 60 10 - 50 ton job, # 3 to # 7 bars ™ 7.1 21 4|8 282500| % 20.057.50
22 Welded wire fabric 6x6, W4xW4, SBpsficst CSF 193.0 27 8% 94.00) § 18.142.00
23 Concrete, ready mix Normal weight, 3500 psi CY 11.1 NA -18% 114.00| $ 1.265.40
25 Placing concrete, footings Continuous, shallow pumped CY 600.0 150 4] % 28.00| $ 16.800.00
20 Precast concrete wall panels 10 in. thick 5F 2.100.0 1530 21% 22.68| % 47628 00
30 Galvanizing steel in shop 1 ton to 20 tons ™ 5.6 NA -1% 875.00] $ 4.900.00
Totals 35 $  181,593.17
Costper LF & 1,815.903
7of 78 CostperSF & 95.58

Figure C.5-Summary of costs and construction time for mechanically stabilized earth wall
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Soldier Pile and Lagging Wall

NORTH AMERICAN STEEL SHEET PILING ASSOCIATION
RETAINING WALL STUDY
Section 1.3 Summary of Costs and Construction Time, Each Wall

Pay Item Daily Output
No. Item Unit Quantity (unit/day) | Time (day) Unit Cost Cost
05 Grouted Anchors 1" dia LF 3500 120 30 8 2020 | § 7,070.00
04 Anchors N 0.5 NA -1 % 270000 % 1,269.00
07 Backfill structural 105 HP_, 150 ft. haul, sand &gravel LCY 2.,266.0 670 4| % 202| % 4,577.32
03 Bomow loading Select granular fill BCY 22660 NA -1 8 13.86| § 31.,406.76
09 Compaction, riding, vibrating roller |12 in lift, 2 passes ECY 2.266.0 5200 1% 023 % 521.18
Compaction, walk behind vibrating
10 plate 12 in. lift. 2 passes ECY 106.0 560 118 0.78| § 82.68
6 ft to 10 ft deep, 1.5 cy hydraulic
11 Excavation trench, common earth  |backhoe BCY 0680 600 20 % 3.10| % 3.000 80
14 ft to 20 fit deep, 1.5 cy hydraulic
12 Excavation. trench, common earth  |backhoe BCY 1.2080 480 1 386 8% 5,010.28
14 Driven piles, H sections HP14x89 to 50 ft length VLF 420.0 510 1% 76.50| $ 32,130.00
Driven piles, complete pile driving
15 sefup Mobilization. large EA 1.0 0.27 4|5 2200000 8 22.000.00
Fabric, laid in trench, adverse
16 Geotextile for subsurface drainage  |conditions 5Y 2333 1600 1% 218 % 508.592
21 Reinforcing steel. A615 Gr 60 10 - 50 ton job, # 3 to # 7 bars TN 7.5 21 4% 282500 % 21,187.50
20 Precast concrete wall panels 10 in. thick SF 1.000.0 1550 208 2268 § 43.092.00
Totals 26 $ 171,856.11
Cost PerLF % 1,718.56
8of 78 CostPerSF % 0045

Figure C.6-Summary of costs and construction time for soldier pile and lagging wall
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Section 1.3 Summary of Costs and Construction Time, Each Wall

Slurry Wall
Pay Item Daily Cutput
No. Item Unit Quantity {unit/day) |Time (day)| UnitCost Cost
07 Backfill structural 105 HP., 150 fi. haul, sand &pravel ICY 5159 670 118 202 % 1.042.12
08 Bomow loading Select granular fill BCY 5159 NA -8 13.86( $ 7.150.37
Compaction, walk behind vibrating
10 plate 12 in. lift, 2 passes ECY 5159 560 18 0.78] % 402.40
14 ft to 20 ft deep, 1.5 cy hydraulic
12 Evacuation, trench, common earth  |backhoe BCY 5150 480 2% 3.86| % 1.901.37
Fabric, laid in trench, adverse
16 Geotextile for subsurface drainage |conditions SY 28890 1600 18 218| % 620 80
Slurry Trench, excavated in wet Backfilled w/3ksi concrete, no
17 soils reinforcement CF 11,6910 333 36| % 23.50( 8 27473850
20 Steel framed plywood 164t to 201t high SFCA 2,000.0 400 518 8.15| % 16.300.00
21 Reinforcing steel, A615 Gr 60 10 - 50 ton job, # 3 to # 7 bars N 327 21 17| % 282500(% 9237750
23 Concrete, ready mix Normal weight, 3500 psi CY 370 NA -1 8 114.00| § 4.218.00
26 Placing concrete, walls 15 in thk, pumped CY 370 120 1% 3500/ $ 1.205.00
Totals 64 $  400,145.07
CostPerLF § 400145

Figure C.7-Summary of costs and construction time for slurry wall
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D.0 Hand Calculations of design sections

........ >Forward --------->Recalculation
WALL DESIGN | Al; (mm) L(m) AL/L (%) R sy sp/sy/l Sh ShiSy g Cm*/m)  Type g (em®im lois.f  NC/mP STATUS sy/s/I R B AL/L (%) Al (mm) STATUS
1.00 12 0.008 385.75 244 7251525 5 2.05  28258.61 SCZ23 28900 2335 0027 OK  7090.59 377.18  0.001352  0.0016 0.19 oK

LOAD CALCS Sdes Mmax (kN' p Mmaxwale (kN' Praxstrut
i M) NP mim) (ki)

1700 422 709 1477 1730
(cm’/m) (cm’/m) ~ STATUS
5949 W30x132 6227.06 oK
Required Ay = 0.0069672 Type  Alentim) oK
70 en? CHS1937  89.3
Compressive Strength Check
= 6.31 cm B= 25m
K= 1 ry= 6.31 cm
b = 0.85 t= 7.01 cm
A= 0.044 = 19.37 cm
Q= 1
Fo = 248095 kPa STATUS
Available Faygitasle = 1883 KN---------- >1730 kN IS

Figure D.1- Case 2
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-------- >Forward --------->Recalc
WALL DESIGN | Al (mm) L(m) AlJ/L (%) R sy sp/s I Sh ShiSy g cm'/m)  Type  |gg(em®/m lofsf  NC/m? STATUS spis/l R B Al/L (%) Al (mm) STATUS
2.00 12 0.017 1322.60 244 24863 5 2.05 8242 GU 6N 9670 14336  0.017 OK 21191 1127 0.001785 0.00597 0.72 OK

LOAD CALCS Sdes Mmax (kN' p Mmaxwale (kN‘ Pmaxs!rut
(cm®/m) m/m) (KN/m?) m/m) (KN/m)

625 155 261 543 636
WALEDESIGN | s
WALE DESIGN o Type s
(cm®/m) (cm*/m) STATUS
2187.05 W24X68 2523.598 oK
STRUT DESIGN
TRIAL SECTION STATUS
Required Aygg = 0.00256 M’ Type A(cm?/m) ok
26 et CHS139.7  33.1
Compressive Strength Check
= 4.66 cm B= 25m
N K= 1 = 4.66 cm
S ¢ = 0.85 t= 0.8 cm
A= 0.060 D= 13.97 cm
= 1
Fo = 247924 kPa STATUS
Available  Fayzilasie = 698 KN---------- >637 kN

OK

Figure D.2- Case 3
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-------- >Forward --------->Recalc
WALL DESIGN | Al (mm) L(m) AlJ/L (%) R sy sp/s I Sh ShiSy g cm'/m)  Type  |gg(em®/m lofsf  NC/m? STATUS spis/l R B Al/L (%) Al (mm) STATUS
3.00 12 0.025 2719.27 244 51119 5 2.05 4009 Cz67 5750 13.72 0.016 OK 35638 1896 0.002037 0.01092 131 OK

LOAD CALCS Sdes Mmax (kN' p Mmaxwale (kN‘ Pmaxs!rut
(cm®/m) m/m) (KN/m?) m/m) (KN/m)

575 143 240 500 585
Sw | S
(cm®/m) (cm*/m) STATUS
2012 W24X62 2163.084  OK
Required Aygg = 0.00236 M’ Type A(cm?/m) ok
24 ent CHS1016 288
Compressive Strength Check
= 3.26 cm B= 25m
N K= 1 ry= 3.26 cm
8 ¢ = 0.85 t= 1cm
A= 0.086 D= 10.16 cm
= 1
Fo = 247533 kPa STATUS
Available  Fayzilasie = 606 KN---------- >586 kN

OK

Figure D.3- Case 4
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-------- >Forward --------->Recalc
WALL DESIGN | Al (mm) L(m) AlJ/L (%) R sy sp/s I Sh ShiSy g cm'/m)  Type  |gg(em®/m lofsf  NC/m? STATUS spis/l R B Al/L (%) Al (mm) STATUS
0.50 12 0.004 112.51 244 2115 5 2.05 96890 AZ39-700 97500 38.59 0.045 OK 2102 112 0.000993 0.00036 0.04 OK

LOAD CALCS Sdes Mmax (kN' p Mmaxwale (kN‘ Pmaxs!rut
(cm®/m) m/m) (KN/m?) m/m) (KN/m)

3900 968 1627 3389 3969
WALE DESIGN Srqd Sdes
3 Type 3
(cm®/m) (cm*/m) STATUS

13647 W33x263 15059.71 OK

STRUT DESIGN
TRIAL SECTION STATUS
Required Aygg = 0.01598 M’ Type A(cm?/m) ok
160 cm? CHS 406.4 196.0
Compressive Strength Check
= 13.8 cm B= 25m
N K= 1 ry= 13.8 cm
S &= 0.85 t= 1.6 cm
A= 0.020 D= 40.64 cm
= 1
Fer = 248257 kPa STATUS
Available  Fyyaitabie = 4136 KN---------- >3969 kN B

Figure D.4- Case 1
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-------- >Forward --------->Recalc
A@mm) L) AL/L (%) R seossAl sy susy lgg(emiim) Type  gemim IS NG STATUS sys/l R 8 AL (%) Al (mm) STATUS
5.00 12 0.042 6742.28 244 126746 5 2.05 1617 SKS 11 2550 11.26 0.013 OK 80360 4275 0.002504 0.02618 3.14 OK
Sdes Mmax (kN' p Mmaxwale (kN' Prmaxstrut
em¥m)  mm)  (kNmP)  mm)  (kN/m)
341 85 142 296 347
S v S
(cm®/m) (cm®/m) STATUS
1193 W12x87 1933.7 OK
STATS
Required Aqg = 0.00140 M’ Type A(cm?/m) oK
14 cn?® CHS101.6> 16.9
Compressive Strength Check
Iy = 3.4.cm B= 25m
K= 1 ry= 3.4 cm
&= 0.85 t= 0.56 cm
= 0.082 = 10.16 cm
= 1
Fe = 247595 kPa STATUS
Available  Fayzianie = 356 KN---------- >348 kN oK

Figure D.5- Case 5
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E.1 Rigidity deficit values at various vertical strut spacing

(sn/sv-1)
R sy=0.5m sv=1m Sy=2m Sy=3m Sy=4m Sy=bm
0 0 0 0 0 0 0
5 2238.36 559.59 139.90 62.18 34.97 22.38
50 22383.62 5595.90 1398.98 621.77 349.74 223.84
100 44767.23 11191.81 2797.95 1243.53 699.49 447.67
200 89534.47 22383.62 5595.90 2487.07 1398.98 895.34
400 179068.94 44767.23 11191.81 4974.14 2797.95 1790.69
500 223836.17 55959.04 13989.76 6217.67 3497.44 2238.36
750 335754.26 83938.57 20984.64 9326.51 5246.16 3357.54
900 402905.11 100726.28 25181.57 11191.81 6295.39 4029.05
1000 447672.35 111918.09 27979.52 12435.34 6994.88 4476.72
1500 671508.52 167877.13 41969.28 18653.01 10492.32 6715.09
2000 895344.70 223836.17 55959.04 24870.69 13989.76 8953.45
3000 1343017.04  335754.26 83938.57 37306.03  20984.64  13430.17
4000 1790689.39  447672.35 111918.09  49741.37  27979.52 17906.89
5000 2238361.74  559590.44 139897.61  62176.72  34974.40  22383.62
7500 3357542.61 839385.65 209846.41  93265.07 52461.60  33575.43
9000 4029051.13 1007262.78 251815.70 111918.09 62953.92  40290.51
10000  4476723.48 1119180.87 279795.22 124353.43 69948.80  44767.23
12000 5372068.18 1343017.04 335754.26 149224.12 83938.57  53720.68
15000 6715085.22 1678771.31 419692.83 186530.15 104923.21 67150.85
17000 7610429.92 1902607.48 475651.87 211400.83 11891297 76104.30
20000 8953446.96  2238361.74 559590.44 248706.86 139897.61 89534.47
22000 9848791.66 2462197.92 615549.48 273577.55 153887.37 98487.92
25000 11191808.71 2797952.18 699488.04 310883.58 174872.01 111918.09
30000 13430170.45 3357542.61 839385.65 373060.29 209846.41 134301.70
35000 15668532.19 3917133.05 979283.26 435237.01 244820.82 156685.32
40000 17906893.93 4476723.48 1119180.87 497413.72 279795.22 179068.94
45000 20145255.67 5036313.92 1259078.48 559590.44 314769.62 201452.56
46000 20592928.02 5148232.00 1287058.00 572025.78 321764.50 205929.28
48000 21488272.72 5372068.18 1343017.04 596896.46 335754.26 214882.73
50000 22383617.41 5595904.35 1398976.09 621767.15 349744.02 223836.17
52000 23278962.11 5819740.53 1454935.13 646637.84 363733.78 232789.62
54000 24174306.80 6043576.70 1510894.18 671508.52 377723.54 241743.07
55000 24621979.15 6155494.79 1538873.70 683943.87 384718.42 246219.79
57000 25517323.85 6379330.96 1594832.74 708814.55 398708.19 255173.24
58000 25964996.20 6491249.05 1622812.26 721249.89 405703.07 259649.96
60000 26860340.89 6715085.22 1678771.31 746120.58 419692.83 268603.41
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