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Abstract

Considering that one of the most important issues in urban excavations is the interaction between excavation and adjacent
buildings, it is always crucial to study the behavior of the excavation system and its adjacent structures. Today, many methods are
used to protect the stability of the excavations and to provide desired safety. One of these various methods is brick stair wall, which is
used in some projects due to its characteristics such as its cost-effectiveness and proper function. Therefore, in this paper, the effect of
using this method as the excavation supporting structure on the stability of the excavation wall and its role in reducing the
deformation created in the wall and the surrounding ground, using Fast Lagrangian Analysis of Continua (FLAC), is discussed. The
results show that the amount of deformation parameters of excavation and adjacent building constantly increase as the excavation
depth and building weight increase or soil density decreases. In addition, the numerical simulations indicates that applied surcharge
on the adjacent area of the stair wall (caused by the adjacent building weight) has the main effect on the damage criteria.
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1. Introduction

One of the most important geotechnical problems is the

sustainability and protection of excavations. Based on statistical

surveys in the past four years in Iran, the total accidents have

accounted for an average of 37% in construction sites and more

than 21% of total construction accidents in excavating and land

preparation stages. Therefore, one of the important issues in

constructing buildings is to provide proper stability during the

destruction, excavation and execution of the supporting structure.

Gravity and semi-gravity walls are usually made of masonry

materials (bricks and, mostly stone) with sandy mortar or simple

(unarmed) concrete, and the stability of these walls against the

lateral pressure is dependent on their weights. In some cases,

these walls are armed with a number of bars, which causes the

width of the wall to diminish to some extent, which defines semi-

gravity retaining walls. One of the gravity wall types that does

not require special equipment and highly skilled workforce, is

Stair Wall. In excavations with low depth (up to about 4 meters)

and to save money in supporting structures costs, traditional

brick gravity walls (stair walls) are used. This method is based

on the frictional force between the bricks (in the horizontal

direction) and their weight force (in the vertical direction)

(Prenay, 2014). Fig. 1 shows a brick stair wall section which has

been used in one of the projects in Iran.

Masonry retaining walls are known as a traditional method

used in different parts of the world, such as Asia, Africa, North

America, Latin America, Europe and Australia. The stability of

the masonry walls depends on several factors, including strength

and specifications of materials, backfill conditions, blocks or

bricks shapes and their layout. Many researchers have dealt with

this, for example, the centrifuge model test (Yoshida, 2005), or

actual size tests and experiments conducted by Yamamoto et al.

(2010), who showed that materials strength and their cohesion

are highly effective on the ultimate strength and deformation of

the supporting wall. By using numerical modeling in the framework

of continuum, Dewoolkar (2009) as well as Colas (2010) have

achieved similar results. By numerical analysis and modeling of

supporting walls and changing the wall geometric parameters, it

was concluded that lower length-to-height ratio and height-to-

width ratio of the wall, greatly cause to decrease the backfill

settlement. In homogeneous masonry wall modeling, Mathieu et

al. (2012) also investigated the effect of mortar properties on

wall resistance and its possible damage under the lateral backfill

pressure. They concluded that the mortar's strength and cohesion

between the brick and mortar is considerably important, therefore, it

is essential in homogenized modeling to equalize brick wall

panel and mortar with a unit element having similar characteristics,

and to carry out all the modeling based on this equivalent element.

In this method, some failure modes such as the separation of

brick from mortar or crack expansion in horizontal and vertical

seams are ignored (Mathieu et al., 2012).
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One of the methods in numerical modelings is the Discrete

Element Method (DEM) method, whose main advantage over

the Finite Element Method (FEM) method is its ability to simulate

large deformations, that is very complicated and difficult in the

FEM method. Many researchers have investigated this issue,

including Chen et al. (2014), Cai et al. (2014), and Wang and

Yan (2012), all of which concluded the effectiveness of the finite

difference method in modeling geotechnical issues.

Due to the importance of stability of the excavations and because

of widespread use of masonry materials in construction, one of the

excavation stabilization methods is brick stair wall which is a cost-

effective and functional method. In this paper, in order to investigate

the effect of the use of the brick stair walls on the excavation

stability, first, the theory of this method is studied, and then, the

numerical modeling is done using Finite Difference Method (FDM).

Finally, results such as the displacement of the top of the stair wall,

settlement of the excavation, the effect of changing soil properties,

and so on are compared with existing damage criteria.

2. Damage Criteria

Generally, the criteria for structural damage are divided into

two categories. The first category includes the criteria which are

related to the resulted settlements and damages of the building

under the vertical load (structure weight), without considering

the effect of the adjacent excavation and horizontal strains

created in the building. The second category includes criteria that

are determined according to the excavation effects on adjacent

buildings and horizontal strains and deformations. In this case,

the values of allowed distortions and strains are more conservative

and the damage degree is different from the first category.

In this paper, three of the most significant damage criteria are

employed to be the reference for comparison with occurred

displacements in models.

Boscardin and Cording (1989) illustrated the importance of

direct horizontal extension in initiating damages. Fig. 2 illustrates

the combination of angular distortion, defined in this case as the

maximum change in slope along the “beam” or wall, and the

horizontal strain. Fig. 2 was produced as a tool to assess structures

with a length-to-height ratio (l/H) of 1.

Horizontal strain and angular distortion can be calculated using

Eqs. (1) and (2), respectively (Boscardin and Cording, 1989):

(1)

(2)

where εh is horizontal strain, ρh3 and ρh2 are the horizontal

displacement of the two adjacent columns toward the excavation

which are shown in Fig. 3, L23 is the distance between the two

adjacent columns and β is angular distortion (Boscardin and Cording,

1989).

Burland (1995) included lateral strain based on the work of

Boscardin and Cording (1989) and adapted different values of

critical strain to reflect different damage categories, as illustrated

in Fig. 4. However, this approach was also limited to the case of

l/H = 1 unless successive graphical constructions and interpretation

are carried out. In Fig. 4, Δ is the maximum settlement, l is

building length and  is considered as deflection ratio (Burland,

1995).

Day (1998) stated that in the criteria that are based on the

width of the cracks created in the structure, factors such as

invisible cracks, cracks caused by creep, shrinkage, etc., cannot

εh
ρh3 ρh2–

L23

-------------------=

β

maximun  building  settlement  –

minimum  building  settlement

dis ce  between  maximum  and  tan
minimum building settlement

-----------------------------------------------------------------------------------------=

Δ

l
---

Fig. 1. Using the Stair Wall Method as Excavation Supporting Structure

Fig. 2 Relationship between Damage Category, Angular Distortion

and Horizontal Extention Strain (Boscardin and Cording, 1989)
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be considered. Therefore, in order to increase the accuracy and

validity of his criterion relative to other ones, he associated

different degrees of damage with maximum relative rotation and

maximum differential settlement, and presented in Table 1. 

3. Research Method

In this study, the stair wall is modeled using Fast Lagrangian

Analysis of Continua (FLAC). FLAC is a two-dimensional finite

difference program for engineering calculations. This program can

model the behavior of soil, stones, or other materials displaying

different behaviors when approaching the failure state. 

In this research, it is aimed to analyze the effect of using stair

wall as excavation supporting system and to find its role in

reducing the deformations created in the excavation wall and the

surrounding ground. The modeling process includes creating the

geometry of the model, assigning the specification of materials

and boundaries, applying load and eventually analyzing the

problem. 

In order to simulate the body of the stair wall as well as the

surrounding soil, the well-known linear elastic- perfectly plastic

Mohr-Coulomb model has been utilized. The plastic part of this

soil model is based on two important mechanical properties of

soils, i.e., the internal friction angle and cohesion and the model

is used for a variety of granular and cohesive soils. The Mohr-

Coulomb criterion is expressed as Eq. (3):

(3) 

where τ is the shear strength, σn is the normal stress, c is cohesion,

and φ is the internal friction angle of the soil. In this study, non-

associated follow rule is considered for the soil and the dilation

angle (ψ) is considered as follows:

(4)

for the case of φ > 30o and ψ is zero otherwise (Brinkgreve and

Vermeer, 1998).

4. Verification

The Mohr-Coulomb model of FLAC is a model for continuous

environments (Cundall, 2001) and the brick and mortar combination

is a discontinuous environment. In order to employ this model

for a brick wall, the performance accuracy of this model should

be assured for the mentioned environment and parameters have

to be calibrated. For this purpose, an experimental tests performed

by Vermeltfoort et al. (1993) was selected to verify the numerical

modeling. In the Vermeltfoort’s test, a clay brick masonry wall

with a central opening was loaded horizontally. The dimensions

of the bricks used are 200 × 100 × 200 mm and the mortar

thickness is 10 mm. The wall was subjected to a vertical constant

pressure of 0.3 MPa from the top. Horizontal displacement (δ) is

monotonically applied at the top layer that was clamped in a steel

beam. The wall and its boundary conditions are observed in Fig. 5.

Material properties derived from micro-test results are reported

in Table 2 (Pandey and Meguro, 2004).

According to laboratory observations by Vermeltfoort et al.

(1993), cracking in wall started from very early stages of loading

initiating from loaded diagonal corners of opening. In Fig. 6, the

observed cracking pattern in the experimental wall is shown

(Vermeltfoort et al., 1993). After modeling the wall in FLAC2D

and performing the homogenization of the environment and

calibration of the parameters, it was necessary to obtain the crack

τ c σn φtan+=

ψ φ 30–=

Fig. 3. Horizontal Displacement and Strain in the Adjacent Building

(Boscardin and Cording, 1989)

Fig. 4. Relationship of Damage Category to Deflection Ratio and

Horizontal Tensile Strain for l/H = 1 (Burland, 1997) 

Table 1. The Limits of the Differential Settlement, the Relative Rota-

tion and Corresponding Degrees of Damage (Day, 1998)

Damage 
degree

Relative rotation 
limit

Differential settlement 
limit (cm)

0 Less than Less than 3

1 3−4

2 4−5

3 5−8

4 8−13

5 More than More than 13

1

300
---------

1

240
---------

1

300
---------–

1

175
---------

1

240
---------–

1

120
---------

1

175
---------–

1

70
------

1

120
---------–

1

70
------
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patterns in the wall. With respect to contours, it can be seen that

the maximum shear strain increment agrees well with the

reported crack patterns in experimental wall.

According to the load-displacement diagram shown in Fig. 7,

load-displacement behavior in experiment is well captured by

numerical analysis.

5. Modeling Details

In this study, the effect of some changes on the excavation

deformations are discussed which are listed below:

1)Increasing the excavation depth with the same soil charac-

teristics and the same adjacent building floors in the model-

ing

2)Increasing the number of adjacent building floors with the

same soil characteristics and the same excavation depth in

the modeling

3)Changing the soil type from loose to dense sand with the

same excavation depth and the same number of adjacent

building floors in the modeling

A summary of the different conditions defined in the numerical

modelings is presented in Table 3.

5.1 Numerical Models to Study the Effect of Excavation

Depth

In order to investigate the effect of the excavation depth on the

deformations created in the excavation wall and adjacent

building foundation, the modeling is carried out at depths of two,

four, six, eight, and 10 meters. In these modelings, the soil type

and the adjacent building floors are assumed to be medium sand

and four floors, respectively. The values of all the parameters

used in these modelings as well as the geometry of all the models

are shown in Table 4.

Fig. 5. Specifications of the Test Wall: (a) Geometric Characteris-

tics of the Wall, (with) Schematic Boundary Conditions (Vermel-

tfoort et al., 1993) 

Table 2. Characteristics of Brick Wall Materials (Pandey and Meguro,

2004)

Parameter Amount Unit

Brick young modulus 16,700 MPa

Mortar young modulus 7,900 MPa

Brick tensile strength 2 MPa

Mortar joint tensile strength 0.25 MPa

Cohesion 0.35 MPa

Internal friction angle 36.5 Degree

Fig. 6. Comparison of Damage Pattern in the Brick Wall: (a) Experi-

mental Crack Patterns (Vermeltfoort et al., 1993), (b) Maximum

Shear Strain Increment Contours in the Numerical Analysis

Fig. 7. Comparison of Load-displacement Behavior of Brick Walls

in Experimental and Numerical Analysis

Table 3. The Conditions for Numerical Analysis

Type of model
Excavation depth 

(m)
Adjacent building

 floors
Soil type

Studying the effect of excavation depth 2 to 10 4 Medium sand

Studying the effect of the number of the adjacent building floors 4 2 to 10 Medium sand

Studying the effect of soil type 4 4 Loose to dense sand
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5.2 Numerical Models to Study the Effect of the Number of

the Adjacent Building Floors

In order to study the effect of the number of the adjacent

building floors on deformations created in the excavation wall

and adjacent building foundation, several adjacent buildings are

considered to have two, four, six, eight, and ten floors. In these

numerical models, the soil type and the excavation depth are

assumed to be the same as medium sand and four meters,

respectively.

5.3 Numerical Models to Investigate the Effect of Soil Type

In order to study the effect of soil type on deformations created

in the excavation wall and adjacent building foundation, three

types of loose, medium and dense sand are considered in the

modeling with the characteristics given in Table 5. In these models,

the excavation depth and the number of adjacent building floors are

assumed to be four meters and four floors, respectively. 

6. Results

In this study, the results of modeling are divided into two main

categories:

1)The effect of changing the conditions of excavation and sur-

rounding area on the deformation characteristics of the exca-

vations and

2)Finding the prohibited and allowed situations to use stair

wall method as supporting structures in urban excavations,

according to the available damage criteria.

The first category includes the results of changing excavation

depths, applied surcharge by adjacent building, and soil type on

the deformation parameters used in damage criteria in order to

find the level of damage induced in adjacent building. The

second category includes comparing the deformation parameters

in each model to the mentioned damage criteria in this study and

finding the situations in which, the damage level is acceptable.

It is also mentioned that in all the numerical modelings, no

failure mechanism was observed in the body of the retaining

walls. However, the wall movement could cause damage to the

adjacent buildings because of mobilizing the shear strains in the

soil beneath the adjacent building and back of the wall. 

6.1 Effect of Increasing Excavation Depth 

In this study, the effect of increasing the excavation depth on

different characteristics is studied. First, the effect of changing

the excavation depth on the vertical displacements in the whole

model is shown in Fig. 8. As shown, by increasing the height of

wall, the vertical displacement increases too. The amount of

vertical displacement in models with the walls of 4, 6, 8 and 10

meters is 30, 60, 100 and 170 mm, respectively. The settlement-

to-wall height ratio for these models are 0.75%, 1% , 1.25%, and

1.7% and increasing the height of the wall causes vertical

Table 4. Parameters used in the Modeling to Study the Effect of

Excavation Depth 

Unit Amount Parameter

kg/m3 1,600 Special weight

Soil

MPa 20 Modulus of elasticity

- 0.2 Poisson ratio

Pa 1,000 Cohesion

Pa Zero Tensile strength

Degree 30 Internal friction angle

Degree Zero Dilation angle

Pa 40,000 Building weight tress

m 12 Building length

Dimensions
m 1

The height of each stair of
 the stair wall

m 1
The width of each stair of

 the stair wall

GPa 18 Normal stiffness

Interaction

GPa 18 Shear stiffness

Pa 1,000 Cohesion

Degree Zero Dilation angle

Degree 12 Internal friction angle

kg/m3 450 Unit weight

Stair wall

MPa 79 Modulus of elasticity

- 0.15 Poisson ratio

MPa 0.2 Cohesion

MPa 2 Tensile strength

Degree 10 Internal friction angle

Degree Zero Dilation angle

Table 5. Parameters Considered for Different Soils in Modes to

Study the Effect of Soil Type (Budhu, 2008)

Sandy soil 
type

Internal friction 
angle 

(degree)

Modulus of 
elasticity 

(MPa)

Poisson 
ratio

Specific 
weight

 (kg/m3) 

Loose 29 15 0.25 1,500

Average 33 30 0.3 1,550

Dense 37 60 0.35 1,700
Fig. 8. Vertical Displacement Contours in Models with Depths of:

(a) 4 Meters, (b) 6 Meters, (c) 8 Meters, (d) 10 Meters
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displacement at a higher rate. 

The contours of maximum shear strain increment in the

models with different depths are shown in Fig. 9. From Fig. 9 it

is obtained that increasing the wall height causes to generate

bigger shear strains. For the brick stair wall, the resultant force

decreased suddenly, and its application point moved back toward

the wall heel. These behaviors seem to be reasonable, considering a

gradual increase in the overturning moment due to the horizontal

inertia force of the wall and earth pressures, followed by the loss

of bearing capacity near the toe of wall base at the loading time.

The effect of increasing the excavation depth on the deformation

of the top of the stair wall, the horizontal strain of the adjacent

building, the adjacent building maximum settlement to its length

ratio and the lateral deformation of stair wall’s heel, is shown in

Fig. 10. In this figure, the number of adjacent building floors, the

soil type and the distance between one-meter-wide stair walls are

assumed to be four floors, medium sand and four meters respectively.

According to Fig. 10(a), it can be seen that an increase in the

excavation from two to eight meters, increases the deformation

of the top of the stair wall. Up to a depth of about four meters, the

deformation of the top of the stair wall is negative and towards

the adjacent building and then it is positive and towards the

excavation. From a depth of 8 to 10 meters, a dramatic increase

in the wall deformation appears which is not acceptable according to

mentioned damage criteria. According to Fig. 10(b), the horizontal

strain created in the building constantly increases with increasing

the excavation depth. Also, Fig. 10(c) shows that as the excavation

depth goes up to eight meters, the adjacent building maximum

settlement to its length ratio develops steadily, but from 8 to 10

meters, it witnesses a sharp jump, making it unacceptable

according to mentioned damage criteria. Fig. 10(d) shows that

the lateral deformation of stair wall’s heel is always positive and

towards the excavation. By increasing the depth from two to

eight meters, this parameter has increased, but it then suddenly

has rocketed.

6.2 The Effect of Increasing the Number of Adjacent

Building Floors

The effect of increasing the number of adjacent building floors

on the deformation of the top of the stair wall, the horizontal

strain of the adjacent building, the adjacent building maximum

settlement to its length ratio and the lateral deformation of stair

wall’s heel, is given in Fig. 11. In this figure, the excavation

depth, the soil type and the distance between one-meter-wide

stair walls are assumed to be four meters, medium sand and four

meters, respectively. According to Fig. 11(a), it can be seen that

Fig. 9. Maximum Shear Strain Increment Contours in Models with

Depths of: (a) 4 Meters, (b) 6 Meters, (c) 8 Meters, (d) 10

Meters

Fig. 10. The Effect of Increasing the Excavation Depth on: (a) the

Deformation of the Top of the Stair Wall, (b) the Horizontal

Strain of the Adjacent Building, (c) the Adjacent Building

Maximum Settlement to Its Length Ratio, (d) the Lateral

Deformation of Stair Wall’s Heel

Fig. 11. The Effect of Increasing the Number of Adjacent Building

Floors on: (a) the Deformation of the Top of the Stair Wall,

(b) the Horizontal Strain of the Adjacent Building, (c) the

Adjacent Building Maximum Settlement to Its Length

Ratio, (d) the Lateral Deformation of Stair Wall’s Heel
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an increase in the number of adjacent building floors, from two to

eight floors, and as a result, increasing the applied load on adjacent

building foundation make the deformation of the top of the stair

wall increases from 5 to 14 millimeters. However, this deformation

escalates and makes this situation not allowable according to the

damage criteria. Also, looking at Fig. 11(b), with increasing

number of floors from two to eight floors, the horizontal strain

created in the adjacent building increases and then, from 8 to 10

floors, the horizontal strain witnesses a sharp and unacceptable

increase based on the mentioned damage criteria. Fig. 11(c) shows

that by increasing the number of adjacent building floors from two

to eight floors, the adjacent building maximum settlement to its

length ratio increases from zero to 0.002 percent and making this

number of floors more leads to a rapid jump which makes it

unacceptable. Fig. 11(d) also shows that the lateral deformation of

stair wall’s heel has increased from about four millimeters to two

centimeters with increasing loading due to the weight of the

building and the number of floors from two to eight floors.

Following this, by increasing the number of floors from 8 to 10

floors, this deformation meets a remarkable increase, making it

unacceptable regarding damage criteria.

6.3 Effect of Soil Type Change

The effect of changing the soil type from loose to dense sand

on the deformation of the top of the stair wall, the horizontal

strain of the adjacent building, the adjacent building maximum

settlement to its length ratio and the lateral deformation of stair

wall’s heel, is shown in Fig. 12. With regard to Fig. 12(a), it can

be concluded that with an increase in the density of soil and its

stiffness, the deformation of the top of the stair wall diminishes.

Also, looking at Fig. 12(b), by increasing the soil stiffness,

horizontal strain created in the adjacent building decreases. The

reduction of the horizontal strain is due to the fact that, as the soil

becomes stiffer, its horizontal deformation decreases. Also, Fig.

12(c) shows that with increasing the density and stiffness of soil,

the adjacent building maximum settlement to its length ratio

decreases from 0.11 to 0.016 percent. Fig. 12(d) also shows that

the lateral deformation of stair wall’s heel has been reduced by

increasing the soil stiffness from 11.5 mm to 2.47 mm.

6.4 Comparing the Results of Modeling with Damage Cri-

teria

In Table 6, the comparison of the results of the modelings with

the criteria stated in the Section 2 is presented. In Burland’s

criterion (1995) and Boscardin and Cording’s criterion (1989),

the degree of damage to the adjacent building is obtained for

Fig. 12.  Effect of Soil Type Change on: (a) the Deformation of the

Top of the Stair Wall, (b) the Horizontal Strain of the Adja-

cent Building, (c) the Adjacent Building Maximum Settle-

ment to Its Length Ratio, (d) the Lateral Deformation of

Stair Wall’s Heel

Table 6. Comparison of the Results of Modelings with the Criteria for the Structures under Their Weight and the Horizontal Strain due to

Adjacent Excavation

Characteristics of Modelings

Burland’s 
criterion 
(1995)

Boscardin and 
Cording’s 
criterion
 (1989)

Day’s criterion (1998)

Damage degree 
based on

 differential
 settlement

Damage degree 
based on
 angular 

distortion

Final damage 
degree

Constant Parameters Variable parameter

• Soil: Medium dense
• No. of adjacent building 

floor: 4

Excavation 
depth (m)

4 Slight Slight 0 0 0

6 Moderate Severe 0 0 0

8 Moderate Severe 0 1 1

10 Out of range Out of range 5 5 5

• Soil: medium dense
• Excavation depth: 4 m

No. of adjacent 
building floors

2 V. slight Negligible 0 0 0

4 V. slight V. slight 0 0 0

6 Slight V. slight 0 0 0

8 Slight V. slight 0 0 0

10 Severe Out of range 3 4 4

• No. of adjacent building 
floor: 4

• Excavation depth: 4 m
Sandy soil type

Loose Slight Slight 0 0 0

Medium V. slight V. slight 0 0 0

Dense V. slight Negligible 0 0 0
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each model. In Day’s criterion (1998), since the degree of

damage is separately stated based on a differential settlement and

the angular distortion of the building, the final degree of damage

is considered conservatively. By comparing the results, it can be

seen that there is generally a good agreement among the damage

level predicted from different damage criteria. In other words, all

the criteria can predict almost the same level of damage for the

adjacent buildings. However, it should be mentioned that the

Day’s criterion gives less conservative result with respect to the

other two criteria in the cases where the excavation depth is not

so big. Based on the results comparison, it can also found out that

the increase in the number of building floors abruptly influences

on the damage criteria; the damage level of the adjacent building

is very slight or slight if there are 8 floors; however, the criteria

indicate that the building with 10 floors would collapse. Finally,

the numerical results indicate that soil degree of compaction is

not critical and it does not have influence on the predicted

damage level.

7. Conclusions

The brick stair wall method has various considerable advantages,

making it worthwhile to be considered in studies. The advantages

include its economic efficiency, no need to employ very skilled

human resource, no need to utilize special equipment, availability of

required material in most of the construction sites and uncomplicated

designing method. Hence, it is recommended to use this method

in conditions that it is applicable, to save money, time and

energy.

In this study, the performance of the brick stair wall as excavation

supporting structure was evaluated by modeling this wall in

different conditions (different excavation depth, different adjacent

building weights and different soil types). Then, in order to

determine the prohibited and allowed situations where it is

appropriate to use stair wall as the excavation supporting system,

the deformations resulted in the excavation was compared to

damage criteria mentioned in Section 2. Conclusions are as

follows:

1. In situations with medium to dense soil, the maximum exca-

vation depth of four meters and the maximum distance of

four meters between one-meter-wide stair walls, there is no

ban on the use of the brick stair wall to protect the excava-

tion if the adjacent building has up to four floors, due to the

satisfaction of the damage criteria and being in slight dam-

age range. 

2. In situations with medium to dense soil, the maximum exca-

vation depth of four meters and the maximum distance of

four meters between one-meter-wide stair walls, stair wall

should be prevented strongly to be used as the excavation

supporting system if the adjacent building has more than six

floors.

3. In situations with medium to dense soil, the maximum dis-

tance of four meters between one-meter-wide stair walls and

the maximum number of adjacent building floor of four

floors, for excavation depth up to six meters, stair wall is a

suitable method for the stabilization of the excavation wall

and for the depths over six meters, the use of this method is

prohibited.

4. By increasing the excavation depth, the deformation of the

top and the heel of the stair wall, the horizontal strain created

in the adjacent building, and the adjacent building maximum

settlement to its length ratio, constantly increase.

5. For low depths (up to four meters in the mentioned condi-

tions), the top of the stair wall moves towards the adjacent

building, instead of moving towards the excavation, and

then, with increasing excavation depth, the movement is

towards the excavation.

6. In all excavation depths, the movement of the stair wall’s

heel is towards the excavation.

7. By increasing the number of floors of adjacent building, the

deformation of the top and the heel of the stair wall, the hor-

izontal strain created in the adjacent building and the adja-

cent building maximum settlement to its length ratio,

increases.

8. With a growth in the density and the stiffness of soil, the

deformation of top and heel of the stair wall, the horizontal

strain created in the adjacent building and the adjacent build-

ing maximum settlement to its length ratio, decreases.

9. The numerical results indicate that soil degree of compac-

tion is not critical and it does not have influence on the pre-

dicted damage level.

10. Based on the numerical simulations, generally, there is gen-

erally a good agreement among the damage level predicted

from different damage criteria. Among them, the Day’s cri-

terion gives less conservative result with respect to the other

two criteria in the cases where the excavation depth is not so

big. 

According to the numerical simulations and comparing the

results, it can be concluded that applied surcharge on the adjacent

area of the stair wall (caused by the adjacent building weight) has

the main effect on the damage criteria.

References

Boscardin, M. D. and Cording, E. J. (1989). “Building response to

excavation-induced settlement.” Journal of Geotechnical Engineering,

Vol. 115, No. 1, pp. 1-21, DOI: 10.1061/(ASCE)0733-9410 (1989)

115:1(1).

Brinkgreve, R. B. J. and Vermeer, P. A. (1998). Plaxis manual, Vol. 7,

Balkema.

Budhu, M. (2008). Foundations and earth retaining structures, John

Wiley & Sons, Hoboken, NJ, USA.

Burland, J. B. (1995). “Assessment of risk of damage to buildings due to

tunnelling and excavations.” Proc. 1st Int. Conf. Earthquake

Geotechnical Engineering, IS, Tokyo, Japan, pp. 1189-1201.

Cai, W., McDowell, G. R., and Airey, G. D. (2014). “Discrete element

visco-elastic modeling of a realistic graded asphalt mixture.” Soils

and Foundations, Vol. 54, No. 1, pp. 12-22, DOI: 10.1016/j.sandf.

2013.12.002.

Chen, C., McDowell, G. R., and Thom, N. H. (2014). “Investigating



A Numerical Investigation on the Performance of the Brick Stair Wall as a Supporting Structure by Considering Adjacent Building

− 9 −

geogrid reinforced ballast: experimental pull-out tests and discrete

element modeling.” Soils and Foundations, Vol. 54, No. 1, pp. 1-11,

DOI: 10.1016/j.sandf.2013.12.001.

Colas, A. S., Morel, J. C., and Garnier, D. (2010). “2D modelling of a

dry joint masonry wall retaining a pulverulent backfill.” International

Journal for Numerical and Analytical Methods in Geomechanics,

Vol. 34, No. 12, pp. 1237-1249, DOI: 10.1002/nag.855.

Cundall, P. A. (2001). FLAC manual: A computer program for Fast

Lagrangian Analysis of Continua, Minneapolis, MN, USA.

Day, R. W. (1998). “Ground-movement related building damage.”

Journal of Geotechnical and Geoenvironmental Engineering, Vol. 124,

No. 5, pp. 462-465, DOI: 10.1061/(ASCE)0733-9410(1996)122:11

(886).

Dewoolkar, M. M., Chan, A. H. C., Ko, H. Y., and Pak, R. Y. S. (2009).

“Finite element simulations of seismic effects on retaining walls

with liquefiable backfills.” International Journal for Numerical and

Analytical Methods in Geomechanics, Vol. 33, No. 6, pp. 791-816,

DOI: 10.1002/nag.748.

Mathieu, N. J., Sab, K., and Zafimi, A. (2012). “An enhanced

homogenization approach for masonry structures with compressible

joints. Application to hearth thermomechanical computations.” Int.

J. Numer. Anal. Methods Geomech, Vol. 36, pp. 1102-1124, DOI:

10.1002/nag.1041.

Pandey, B. H. and Meguro, K. (2004). “Simulation of Brick masonry

wall behavior under in plane lateral loading using applied element

method.” 13th World Conference on Earthquake Engineering,

Canadian Association for Earthquake Engineering and  International

Association for Earthquake Engineering, Vancouver, BC, Canada,

Vol. 1.

Prenay, M. (2014). Hedrowing and guard structures, Pyramid Publishing,

Tehran, Iran.

Vermeltfoort, A., Raijimakers, T., and Jansen, H. (1993). “Shear test on

masonry walls.” Proceedings of 6th North American Masonry

Conference, The Masonry Society, Philadelphia, PA, USA, pp. 1183-

1193.

Wang, J. and Yan, H. B. (2012). “DEM analysis of energy dissipation in

crushable soils.” Soils Found, Vol. 52, No. 4, pp. 644-657, DOI:

10.1016/ j.sandf.2012.07.006.

Yamamoto, H., Nishigata, T., Yao, M., Nishida, K., and Kasa, H. (2010).

“Study on the deformation characteristic of masonry walls during

earthquake with full-sized model.” J. Jpn., Soc. Civ. Eng., Vol. 66,

No. 1, pp. 43-57, DOI: 10.2208/jscejc.66.43 (in Japanese). 

Yoshida, J. (2005). “DEM analysis for direct shear test of granular

assemblies.” Proc. Jpn. Geotech, Soc., Vol. 40, pp. 1817-1832 (in

Japanese).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


