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Building response to tunnelling- and excavation-induced ground
movements. using transfer functions to review the limiting tensile strain
method

In this paper, limiting tensile strain method (LTEHId reviewed and advantages and
disadvantages resulted from the simplicity of thisthod are examined in the light of
the findings of the existing experimental and nuoarstudies. Using the viewpoint of
the transfer functions for the LTSM, a more indegmant sight for the interpretation of
the relationships between deflection ratio, stme&tu geometry, longitudinal/shear
stiffness ratio and the limiting tensile strain geovided. In addition, the effect of
average horizontal strain is included simply in thedified deep beam equations.
Using reported data and observed damage classesmlodnd simulated case studies
available in the literature, back-calculations ttoe coefficients of the transfer function
are made. After comparing the back-calculated @oeffts to the original coefficients
of the LTSM, it is shown that observed damage arehsured crack widths are
reasonably compatible with the proposed limitingstke strain boundaries. Also, it is
shown that for the cases in which moderate or higleenage was observed, the

original deep beam equations tend to underestithateesultant damage.
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1. Introduction

The building response to induced ground movemeunts td tunnelling or adjacent deep
excavations has been of interest to an increasingper of researchers since the 1970s. The
pioneering studies of Terzaghi (1935), Skempton adDonald (1956), Meyerhof (1956),
Polshin and Tokar (1957) and Bjerrum (1963), whhelve particularly focused on building
settlement due to building self-weight, have lecetopirical-analytical approaches that are
still in use for the prediction of building respenso tunnelling- and excavation-induced
ground movements. At this point, Burland and Wr({tB74) and Boscardin and Cording
(1989) should be particularly mentioned, as theg aesponsible for two important
developments: LTSM (Limiting Tensile Strain Methoaldd the inclusion of the effect of
horizontal ground movements. They also proposedadarulassifications that are still in use.
Afterwards, significant improvements, such as theirs superposition method (Boone,
1996), the relative stiffness method (Potts & Adateonke, 1997) and the laminate beam
method (Finno, Voss, Rossow, & Blackburn, 2005)eny@oposed. All these studies resolve
issues resulting from the simplicity of the fiatitis deep beam analogy adopted in the LTSM.

However the LTSM, owing to its simplicity, is stillequently used in the second-
stage risk assessment of the buildings in manywaticen projects. Moreover, final risk
decision for the majority of the examined buildingsnade in the second-stage assessment
by using this method. Therefore the LTSM needseadviewed in detail and improved to
increase the accuracy of the risk assessment proee@n the other hand, limited number of
studies (Son & Cording, 2007; Netzel, 2009) weneotied to review this method in detail.

In this paper, an overview for the LTSM is presdrd@d the approaches adopted in
this method are evaluated with the findings of expental and numerical studies available
in the literature. A different perspective, whichllvibe called a transfer function view, is

provided by re-formulating the original fictitioudeep beam equations used in the LTSM.



Transfer functions offer a more independent siginttlhe interpretation of the relationships
between deflection ratio, structure’s geometry,glardinal/shear stiffness ratio and the
limiting tensile strain. Additionally, the horizaltstrain can be involved directly into the
deep beam equations. By means of back-calculateffiaents of the transfer functions from
the 11 case studies and including the effects akbiotal strains, the compatibility between
crack widths reported by Burland et al. (1977) #mal limiting tensile strains suggested by

Boscardin and Cording (1989) is examined.

2. Tunnélling- and excavation-induced ground movements and associated building

deformation

2.1. Nature of the ground movements due to tunnelling and deep excavations

Tunnelling and deep excavations usually resultartizal and horizontal ground movements
in their influence area. According to Boscardin §2p the main causes of excavation-
induced ground movements are an alternation irstde of stress within the ground, ground
loss or soil removal, and change in the groundweggime. In addition, the construction
technique, excavation size, soil type and stiffnesfness of excavation support and support
spacing, delayed support and grouting installateomg face stability (in tunnels) are other
significant parameters affecting the magnitudeuohelling- and excavation-induced ground
movements (Son, 2003).

During a tunnel excavation, induced ground sett@seform a trough shape
perpendicular to the tunnel line (Figure 1(a))thik ground surface is free of buildings, this
shape is called the free-field ground settlemeatilpt

In addition, ongoing tunnel excavations can alssultein advancing ground
settlements in the longitudinal direction of thartal line. Furthermore, both in perpendicular
and longitudinal direction, significant horizontabvements can occur.

In a tunnelling-induced ground settlement profiehile the concave part of the
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profile is referred to as sagging, the convex areferred to as hogging. Buildings can be
situated in different positions with respect to rtahline and they can modify ground
settlements depending on their restraint capadslifisize, weight, foundation type, etc.)
(Comodromos, Papadopoulou & Konstantinidis, 201dtts?& Addenbrooke, 1997). In
Figure 1 (a), different buildings that are saggingin the vicinity of the inflection point (i)
and hogging (iii) are schematically illustratedt{®eent modification is not shown in Figure
1(a)). In this figuree refers to the eccentricity between the centrehefliuilding and the
tunnel centre.

Deep excavations are influential in a lateral gisegaranging from two times to four
times the excavation depth (Peck, 1969; Clough &drke, 1990). Several empirical and
semi-empirical models have been proposed to préukctree-field ground settlement profile
due to adjacent deep excavations (Peck, 1969; @l8u@®’'Rourke, 1990 and Hsieh & Ou,
1998). Hsieh and Ou (1998) introduced possible mpiaettiement profiles as shown in Fig 1
(b). The authors proposed two different methodsaiculate spandrel and concave ground
settlement profiles based on the estimated wadirdedtion.

[Figure 1 near here]

2.2. Building deformation measures

Tunnelling- and excavation-induced ground movemesats damage surface buildings by
impinging on their foundations. Building deformatimeasures note measurable geometrical
distortions of buildings that are under the infloerof tunnelling- and excavation-induced
ground movements. They are used to establish atioes between geometrical distortions
and building damages.

In Figure 2, building deformation measures thateheammonly been adopted in the
previous studies (differential settlemeist,, angular distortior8 and deflection ratid/L)

are schematically described considering the pakgtound settlement modes (previously
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shown in Figures 1(a)-(b)).

[Figure 2 near here]

As shown in Figures 2(a-c), as the ground settles b a tunnelling or deep
excavation, adjacent poinisandB on the masonry wall perpendicular to the tunnglline
or excavation wall are displaced to poidtsandB’, resulting in straining within the wall. In
this case, the differential settlemdist, between pointd andB is calculated using Equation
(1). In this equationS, , and S,z represent the vertical movement of poidtsand B,
respectively. Uniform settlementss,(, = S, ) of buildings can also result in major
serviceability problems related to building accassd connection to utility lines.

05y = Spa— Sus (1)

Apart from differential settlement, there are twihe» important damage measures
that are frequently used in the literature: angdiatortion §3) and deflection ratioA/L).
Skempton and MacDonald (1956) were first to inteldthe angular distortion term as a
damage measure for the investigation of settlenmehiced damage. They defined it as the
ratio between the differential settlement of twgaadnt points on the structure and the
distance between these points (between pdirdadB, it could bef = §S,,/L). Afterwards,
Boscardin (1980) modified the definition gfsuch that the contribution of rigid rotation of
the building(w) (sometimes referred to as tilt) is excluded. knswn thatw corresponds to
the free rotation of a building and does not caarsg straining within the building (Figure
2(9)). In the current literaturg, is calculated using the absolute-value expressi@guation
(2) as modified by Boscardin. To calculgtethe other geometrical quantity required is the
slope of the ground settlement prof{l¢). w and¢g can be measured directly on the site or
determined through the predicted site settlementotos. Note that the maximum valuefof
(Bmax) should be considereg,, .., ® ande are shown schematically on deformed building

foundation lines in Figures 2(a-c).



B=lw—e¢l 2)

Polshin and Tokar (1957) proposed the deflectiaio réA/L), which is another
important damage measure in the literature. Hereirgpresents the maximum value of the
vertical differential distance between the defldcfeundation line and the straight line
connecting points A and B (Figures 2(a-d).L is then obtained by dividing by the
corresponding span length If the building spans the inflection point (Figut(a-ii)), it is
possible to calculatéd/L for both the sagging and hogging part of the wiabr these
buildings, each part can be considered separatédyr,( Taylor, & Burland, 1996)A/L is
represented af,,,/Lsqq for sagging and\,,,/Lyog for hogging. Hereinlgq, and Ly,g
represent the lengths of the building parts thatsagging or hogging, respectively.

Polshin and Tokar put forward some limitationstfogA/L of buildings based on the
site observations and building characteristicshsag building length to height ratid AH)
(geometrical) and critical tensile strai).(;) (on the material level). Note that the choice of
L/H as an influential parameter is important becatipeactically corresponds to a measure
of the building stiffness. On the other hangd,; refers to tensile strain value attained at the
onset of visible cracking in load-bearing masonryndill walls of frame structures. Polshin
and Tokar (1957) proposed 0.05% #Qy;; value for brick load-bearing masonry walls. A
similar range (0.038 - 0.06%) was previously sutgggedy Burhouse (1969). This approach
in whichA/L, L/H ande..;; were associated would later form the basis fordénelopment
of limiting tensile strain method (LTSM).

Some typical tunnelling- and excavation-induceddig damages are shown with
schematic illustrations in Figure 2(d-f). Howevatr, should be reiterated that damage
initialization and propagation are quite complicatand can be affected by numerous
different parameters, such BgH, shear/axial stiffness ratio of the brick-mortaterface in

masonry buildings and soil-structure interactiorurtRermore, many researchers have



highlighted that cracking due to shear and bendssgally occurs simultaneously in actual
cases. Apart from these, buildings might tend tpeeience rigid rotation instead of serious
distortion, especially in one or more of the cashere the settlement profile is wide enough,
the L/H is high or the building has a very stiff mat foatidn (Figure 2(g)). In these cases,
limited damage can be expected due to horizontahst

3. Limiting tensile strain method (LTSM)
3.1. Fictitious deep beam analogy of Burland and Wroth (1974)

Burland and Wroth (1974) extended Polshin and Tek@d57) study and put forward a
deep beam analogy for masonry and frame structoreslculate simply limiting tensile
strain valuesd;,,)- €;m 1S an useful parameter to detect bending or dialg@msile cracking
(shear) damages because it is independent of #uinkyp direction and deflection mode
(sagging or hogging¥;;,, can also be used under any loading circumstance.

The model of the fictitious deep beam which is assili to be representative of real
structures is given in Figure 3. The midpoint deften (A) is considered to occur in either
the hogging or sagging ground settlement zérdenotes the length of the beam (in reality, it
may correspond to the deflected or entire lengtthefstructure), and is the height of the
beam. In realityH corresponds to the building height from the fodimtalevel up to the
eaves. The roof is not included in the calculatiofke fictitious deep beam is elastic,
isotropic and simply supported. Soil-structure ratdion is ignored and only free-field
ground settlements are considered.

[Figure 3 near here]

The problem is solved by using the beam equatieengin Equation (3). In this
equation,E and G are assumed to indicate the elasticity and thershedulus of the
represented building (or a wall of a masonry buaigj respectively. However, they are

always taken into account as a relative stiffnesghe form ofE/G alluding to structural



longitudinal/shear stiffness ratid.is the second moment of the area of the fictitidasp
beam.P corresponds to a central point load. This equatias previously developed by
Timoshenko (1957) for central loaded and simplypsufed elastic beams considering the
shear coefficienk=1.5. Note that this equation accounts for the daetb contribution of

bending and shear to the midpoint deflection.

A

B PL3 [ N 18E1] (3)
 48EI I2HG
Netzel (2009) proposed that the shear coefficiensiered in this equatiok=1.5)

should be updated wittk=1.2 to prevent an overestimation of the shearedgdin
contribution.

If this equation is adapted to express the vergetlement response of a buildi®y,
does not correspond to a true central load buteaustrefers to a factor revealing a
deformation mode, as in the case of a real groetitement. To justify the validity of the
central loading in the representation of buildirgfadmation due to settlement, Burland and
Wroth (1974) investigated the effect of two addiibloading and deformation cases. These
are a uniformly distributed loading case and autaicdeflection mode. They observed that
crack initialization is not sensitive to the usedluése alternative loading and deflection mode
applications. Therefore, it was suggested to usedmtral point loading, which remarkably
simplifies the calculations.

If Equation (3) is rewritten in terms of maximumnioéng tensile strairg,,,,,, and
A/L is isolatedA/L can be related te,,,,, as shown in Equation (4). This equation applies
to the case in which the first visible crack isuased to arise in bending due to sagging or
hogging of the structures,,,,, denotes the maximum tensile strain that occurshat
outermost fibre of the fictitious model beam onoe induced\/L is completely achieved. In

Equation (4)f represents the neutral axis depth from the edgjgedbeam in tension.



A_[ L _3El (4)
L~ |12t T 2tLHG) Fhmax

Similarly, Equation (3) can be rewritten in ternfstile maximum diagonal tensile
strainegmayx- If A/L is isolatedA/L can be related t;,,,, @s shown in Equation (5). This
equation applies to the case in which the firsibléscrack is assumed to arise in shear due to
sagging or hogging of the structueg,,,, denotes the maximum tensile strain that occurs in
the diagonal direction once the inducgd. is completely achieved.

()

A - HI?G
L 18EI

l €dmax
Equations (4) and (5) are particularly derived stablish separate expressions betw&gh
and the maximum tensile strains,f,, and £;,4.) that might be responsible for potential
tensile cracking in either bending or shear. Nbi# £,,,,,, and & 4, are not necessarily
critical tensile strain &.,.;;) at this stage. To determine a damage level, #ieulated
maximum tensile strainE,,,x O €4max,» Whichever is greater) is compared to predefined
limiting tensile strain boundariese;fnow) and €;myp)) listed in Table 1 proposed by

Burland et al. (1977) and modified by Boscardin @umilding (1989).

3.2. Combining the maximum tensile strain with horizontal strain (Boscardin
and Cording, 1989)

Ground movements induced by excavations, suchraling, open-cut and mining, involve
significant horizontal displacement components.daodin and Cording (1989) reported that,
horizontal strains transferred from the groundhe s$tructure can remarkably decrease the
settlement tolerances of buildings together withdieg and diagonal tensile strains. Since
the fictitious deep beam approach by Burland andtiVf1974) does not include the effect of
horizontal strain, Boscardin and Cording considetted effect by combining the average
horizontal straindy,) with &34, aNA€ may Values.
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Horizontal strain is assumed to be equally distedwver the height of the structure.
In reality, horizontal strains are much higherhe tower parts of structures that are close to
the foundation (Son and Cording, 2005). Wifilg, andS; 5z are the monitored horizontal
movements at A and B sections of a wall,can be calculated as shown in Equation 46).
denotes the differential horizontal movement (Emura{7)) andL shows the initial distance
between these two sections. For structures withvithaal footings (frame structures),
differential horizontal movement between adjacewtihgs is taken into account to calculate
average horizontal strains. If there is no othdpbrimation such as monitoring results,
Boscardin and Cording (1989) suggested #hatalue acted on a brick wall can be assumed
as 0.5 to 1 times the change in the slope of #xefield ground settlement profile for braced
excavations and tunnelling and 1 to 1.5 times thenge in slope of the free-field ground
settlement profile for excavations with cantilewealls. It has to be highlighted that this
assumption can be valid as long as there is ndleéer@inforcement in the footings or in the

walls.

&nh = — (6)

(7)
ASp = Sh,A - Sh,B

The combined tensile strain, namely the total tensrain §;), is then calculated as
shown in Equations (8) and (9). Whig,,.,, ande;, are easily summed (Equation (8),q4x
and e, are combined by using Mohr’s Circle (Equation (9he result of Equation (8) or
Equation (9), whichever is greater, is taken anchmgared with the limiting tensile strain
boundaries listed in Table 1 to determine the spwading final damage class.

If B is selected as the deformation measure instedd of(it is thought that damage
is to be governed by the combined effect of sheat horizontal strain), a different

combination proposed by Son and Cording (2005) lsanused. According to Son and
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Cording, for given values of ande,, total tensile strairg; in a part of structure can be
derived in a similar manner of calculating prindipansile straine,. &, (equal toe,) is
calculated using Equation (10), whetg,, is the crack orientation measured as the angle
between the plane on whieh acts and the vertical plane. After comparing thlewdateds,

with the limiting tensile strains boundaries listedrable 1, the damage class is determined.

&t = Epmax T €n (8)
&n &n 2 2 (9)
& = 7 + (7) + €amax
& = &y = £, COS 02y + B SN Opay COS Bpyax (10)
_B
tan(20,,,5) = . (11)

h

[Table 1 near here]

The presence of RC mat foundations or strip foundatconnected by continuous
slabs provides a significant tensile restraint. €&guently, horizontal ground movements are
substantially reduced or inhibited at the foundatievel (Boscardin & Cording, 1989;
Burland, Mair, & Standing, 2004; Son & Cording, Z000n the other hand, the presence of
foundation piles in the proximity of an excavati@man reduce the horizontal ground
movements (Basile, 2014; Mroueh & Shahrour, 2002).

The effect of RC continuous and individual footingé frame structures was
numerically investigated by Goh and Mair (2014)eyHound that, while horizontal strains
are usually insignificant for frame structures wettntinuous footings, they are important for
frames with individual footings even when the agtiffness of the frame building is high.
This result is in line with the findings of Laefet al. (2009) in which scaled RC frame

specimens with individual column footings were éesand numerically simulated. Laefer et
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al. observed a significant increase in the driftor@f especially the first storeys of frame

structures when the horizontal ground movementsaheded.

3.3. Damage classification and practical design charts

As aforementioned, damage class is decided by aangpealculated maximum total tensile
strain to predefined limiting tensile strain boun€s. (;imow), Eimup)) Presented in Table
1. Note that this table was priorly proposed by |&uwl et al. (1977) and modified after
Boscardin and Cording (1989) by addigg,;,w) and &;mwyp) boundaries. As shown,
defined damage categories are essentially baseshem of damage repair. Therefore, this
classification applies mostly to load-bearing magomalls (brick & stone). However, there
are cases in which it was used for infill wallsfigime structures (as in the case study of the
RC Elizabeth House building by Mair & Taylor, 200Ihe authors of the current paper
think that these damage categories also requirdication for different masonry wall
typologies having different construction techniques., multi-leaf walls). Burland et al.
(1977) noted that crack widths in this classificatare to be used as an additional indicator
rather than being a direct measure of damage. atseyhighlighted that damage is usually
difficult to quantify because it depends on manyjsctive criteria. On the other hand,
damage that is acceptable in a region or for ope bf building might not be acceptable for
other cases. Therefore, although this damage fitaggin is widely used, users should keep
in mind that it reflects generalized cases.

For the practical use of the LTSM, some diagramsetbaon the damage
classifications given in Table 1 were proposed bgdardin and Cording (1989) and Burland
(1997) (Figure 4).

[Figure 4 near here]
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As shown in Figure 4(a), the diagram proposed bgcBadin and Cording (1989)
shows the limiting curves that are boundaries fieint damage classes predefined in Table
1. To obtain these curves, fictitious deep beamh(WyH = 1and E/G = 2.6) equations
derived for hogging t(= H) are used together with the given limiting tenssigain
boundariess;imow) @aNd &imup)- IN order to obtain presentgdl values in this diagram
(Bmax @t the support sections of centrally loaded defarinetitious deep beam), Equation
(12) is used. For typical values bf H andE /G, this expression gives,,,, values that vary

between 2 or 2.3 timas/L.

_3A 1+4(§)<IZ_22)

T e (B) ()

A limited amount of case study data are also piewito validate the damage

(12)

categories. The case study data consists of ihfiiteel frame, infilled wood frame and brick
masonry structures that are mostly small to mediusize. Boscardin and Cording reported
that none of these structures was capable of madithe free-field ground movements due
to their relatively small/medium size and abserica grade beam.

The other diagram proposed by Burland providesréai interaction betweeg, and
A/L (Figure 4(b)). By combining Equations (4) & (5)twi8) & (9) respectively, and setting
Epmax = €1im Of €amax = €1im,» the curves given in Figure 4(b) are obtainedefach damage
class given in Table 1. Note that for the derivatod these curves the hogging condition is
considered (= H) along withL/H =1 andE/G = 2.6. As seen, for a giveA/L, as the
acted horizontal strain increases, the damage dhsts from lower to higher damage.
Burland criticises Boscardin and Cording’s diagrasto that maximum bending strains
Epmax @re ignored. This criticism can be seen as ameide of another discussion where the

fact that the use of beta is mostly being relatedhear behaviour of the structure was
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asserted. In addition, Burland states that Equatl@) used by Boscarding and Cording to
calculateB,, ., from A/L is very sensitive to the load distribution.

3.4. Reported deficiencies of the LTSM
To determine the ultimate risk level of the builgnsubjected to tunnelling-induced ground
movements, a three-staged process is conductetimipgy assessment, second-stage
assessment and detailed assessment (Mair et 86).19TSM is a widely accepted practical
tool for second-stage assessment of, in partichtazk masonry walls affected by tunnelling-
induced ground movements. Because the final risksom for the majority of investigated
buildings is to be made in the second-stage assedsrthe accuracy of the LTSM is
important. For instance, during the tunnel and tskatavations of Sirkeci Underground
Station of the Marmaray Project in Turkey, 135 duigs were examined in the second-stage
assessment (after a preliminary assessment), anflth8se buildings (40%) (with moderate
and high risk) were re-assessed in the detailegsas®ent stage. In other words, for 60% of
these structures, the final risk decision was nam®rding to the results of the second-stage
assessment. This situation indicates the importahdbe second-stage assessments. If the
accuracy and precision of the LTSM is increasedpttonly enhances the accuracy of final
risk decisions but also may reduce the number dflings that are to be assessed by
expensive and time-consuming methods such as feldenent methods in the detailed
assessment stage.

However, due to its simplistic nature, use of tif&SM cannot be sufficient. The most
frequently reported deficiencies of the LTSM areganted below. These shortcomings have

stimulated other methods and approaches.

(1) Structural differences and variety (at both thedtiral and material levels) cannot be
sufficiently reflected. Simply using different fitbus values forE/G does not

guarantee that different structures with differsiuctural systems, compositions,
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(2)

@)

(4)

(5)

materials, irregularities, etc., are representelll Wéhen the detailed stress, strain and
damage distributions are important, as in the adsgame structures, LTSM and
conventional deformation measures cannot be seffi¢iLaefer et al., 2009). In these
cases, finite element analyses can be crucial.

The effect of different types of foundations canbetconsidered. Assumptions made
for the position of the neutral axis might not eefl actual cases if the structural
system is complicated.

Only one type of settlement deflection mode is aered, and the validity of this
deflection mode (a deflected shape of a simply stpd beam under a central load)
is limited by the building length. If the building length is too long or short, the
simply supported beam approach becomes invalidi{Bob996; Finno et al. 2005).

In calculations, free-field ground movements aredusMoreover, these are directly
imposed on the fictitious model beam assuming thsr&o relative movement
between building and soil. The soil-structure iat#ion is ignored. This assumption
generally results in more conservative estimatab@building response. However, in
reality, there is a dual interaction between sod atructures (Boscardin & Cording,
1989; Murphy, Gaynor and Laefer, 2010; Potts & Adateoke, 1997).

Although recent works (Clarke & Laefer, 2014) hastarted suggesting an index-
based approach to incorporate the existing comditibbuildings into building risk
assessment framework, initial damage to the bukliexisting cracks, etc.) is not
originally accounted for in the LTSM. This may ledoverestimation of the initial
stiffness. Furthermore, widening of the existingqats and damage accumulation
during ground settlement cannot be considered. Shisation might lead to un-

conservative damage predictions. Fok, Neo, Goh \Aesh (2012) suggested that
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(6)

(7)

(8)

detailed assessments should always be conductédifdmgs that are found to be in
poor conditions in preliminary assessment.

Nonlinearity of building materials and stiffnesgydedation during settlements cannot
be considered. On the contrary, the finite elemamalyses and laboratory tests
performed by Son and Cording (2005), Laefer ef24109) and Giardina et al. (2012)
showed that consideration of nonlinear materiapproes (cracking) has a significant
influence on masonry wall and frame stiffness dn toverall response.

The effect of tunnelling activities parallel to thennel axis is ignored. Therefore, the
potential torsional response of buildings undergtbumovements cannot be
considered. Furthermore, because a plane stresditioanis considered, the
contributions of the other walls and slabs that@atbogonal to the considered plane
are not taken into account (Giardina, 2013).

Building self-weight is ignored. On the contrargete are several reported results in
the literature that highlight the effect of buildirself-weight (Boonpichetvong M,
Netzel H, & Rots, 2006; Burd, Houlsby, Augarde, & 12000; Fargnoli, Gragnano,
Boldini, & Amorosi, 2015; Franzius, Potts, & Burldn2006; Giardina, DeJong, &
Mair, 2015b; Mroueh & Shahrour, 2003; Laefer et &009). In general, it is
understood that the conformity to the ground seithet profile is increased by
increased building self-weight. Thus, larger distmrs and internal forces arise. In
addition, redistribution of the building self-wetgturing on-going excavations can
result in a partial embedment of the structure i@ soil (Farrell, Mair, Sciotti &

Pigorini, 2014).
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4. Viewing the LTSM astransfer functions
In section 3, the basic idea behind the LTSM is@néed. In this section, Equations (4) and

(5) based on the fictitious deep beam analogy @septed as transfer functions. Thus, a new
perspective is provided for easier and more indégeninterpretation of the relationships
between deflection ratiadf/L), structure’s geometryl.{ H), stiffness ratio £ /G) and tensile
strains.

Setting thesy, . @aNdegmqa, Values in Equations (4) and (5) as;;, these equations
can be re-formulated as transfer functions suchA/ds= Ce.;;. Herein,C corresponds to
coefficients in Equations (4) and (5) that are delemt on the geometrical and stiffness
properties., H,E,G,I and t.

[Table 2 near here]

Table 2 shows extracted coefficients calculated for sagging and hoggindnil&/C,,
is for the bending critical cas€, is for the shear critical case. For sagging bongdj the
neutral axis is assumed at the middle of the ioetg deep beam (Burland and Wroth, 1974).
Hence, the neutral axis depth becomesH/2 in the calculations. The second moment of
the area is calculated as= 1 x H3/12 assuming a unit width of the beam. For buildings in
hogging or if significant restraints (such as RCt foundations) exist, the neutral axis is
assumed to be along the bottom edge of the fiastimeam (Burland & Wroth, 1974). In this
case, the neutral axis depth shifts from H/2 tot = H. I is calculated according to the
new location of the neutral axis & /3. The selected positions of neutral axis in sagging
and hogging depend on the empirical observatiorderbg Burland and Wroth. According to
the authors, due to the presence of compressiamstwhich are transferred from soil to the
lower parts of the buildings in sagging, it candssumed that the neutral axis positions at the
centre line of the ‘beam’. On the other hand, thddngs with especially shallow weak

foundations are largely influenced by the tenditaiss transferred from the soil in a hogging
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zone. Burland and Wroth assumed that neutral axisild be at the bottom edge of the
‘beam’ to represent the vulnerability of these duigjs. In other words, it is assumed that
building walls work for tension. Boscardin and Gagd(1989), Mair et al. (1996) and Son
and Cording (2007) also support this assumptior rEsults of the numerical study by Son
and Cording (2007) in which the response of a mgsomdel wall situated in the hogging
zone is examined are in good agreement with thitaoed results obtained using a fictitious
cantilever deep beam model with the neutral axaagithe bottom edge. According to Netzel
(2009), if horizontal strains are not considereddamage calculation, the assumption of
neutral axis is at the bottom edge leads to lowrairns (compared to the case of neutral axis
is at the centre line) ih/H range between 0.75 and 2.5. The author stateshilsagituation
is not in line with the main intention that was itecrease the susceptibility of hogging
buildings under only vertical ground movements.

4.1. The effect of the E/G ratio in LTSM shown by transfer functions
Burland and Wroth (1974) used three differétG ratios (0.5, 2.6 and 12.5) to identify
different structure types (masonry and frame stmesf) and to consider unique features of
masonry structures such as window or door openimdead-bearing walls. According to
elasticity theory,E/G equals2(1 + v) for isotropic materials. For = 0.3, E/G becomes
2.6. Burland and Wroth (1974) proposé&yG = 2.6 for massive load bearing walls
(excluding openings) even if the massive masonrnas an isotropic and linear elastic
material. They proposel/G = 12.5 for buildings that are more flexible, s RC open
frames, so that they can conform to the settledigfqorofile more easily than infilled RC
frames and rigid masonry wall structures. The afreebecting a higheE /G value for these
flexible structures was to consider their decregasinlnerability in bending. For buildings
with extremely high stiffness in shear (or littengitudinal stiffness), such as wall structures

made of precast concrete unis/G = 0.5 was proposed for hogging. Note that proposed
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values were supported by only experiences of th@oasi without any other evidence.

Furthermore these generalized values can signtficahange from one building to another.

Potts and Addenbrooke (1997) and Finno et al.§2pfoposed more realistic techniques to
calculate the overall equivalent relative stiffnest masonry load-bearing and frame
structures.

Many other researchers also empirically investiddtee most reasonable values of
E/G in different cases. Cook (1994) made back-calmrat by modelling real masonry
facade walls as fictitious deep beams. The autbported thatF/G was taken as 30 in
fictitious deep beam calculations to provide simdastortions with the actual facade walls.
This value is remarkably higher than the valueppsed by Burland and Wroth (1974). This
was probably because the facade walls examinedook €xperienced mostly shear-related
damages.

Son and Cording (2007) performed numerical testfin equivalent normal and
shear stiffness values for modelling masonry boddisubjected to settlement effects. They
also investigated the effect of different openiagas and brick-mortar interface properties
on these equivalent stiffness values. Their findiagpported the assumption that an increase
in the opening ratio and/or a decrease of the Atmanal stiffness ratio of the brick-mortar
interface results in dramatic increase€'@gf;. For a typical opening ratio and a typical range
of the shear/normal stiffness ratio, an equival&fit of 12 was proposed.

Giardina, Hendriks, & Rots (2015a) performed sevigit analysis using finite
element modelling. They investigated the effectmanhy factors, including the opening ratio
(0, 10 and 30%) and material parameters (elastroibglulus, tensile strength and fracture
energy). After an extrapolation, they showed tHAG ratios of 2.6, 8 and 11 in the LTSM
correspond to opening ratios of 0, 10 and 30% eir fimite element model of masonry walls,

respectively.
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To visualize the effect of /G, C coefficient versud./H relationships can be used.
The composite curves in Figures 5(a) and 5(b) sth@aminimum (and thus decisive) values
of C, andC,; as a function ol./H. Each curve is obtained for a differéifG value (12.5,
2.6, 4.0 and 0.5). While the composite curves giverigure 5(a) are derived for sagging
(t = H/2), those given in Figure 5(b) are derived for hogdin= H).

Recalling the formulation of the transfer functiam, increase i@ coefficients results
in a decrease ia..;; values for a givem\/L. Although ¢.,;; was introduced as a certain
material property associated with the onset ofléreg herein, reduction in.,;; corresponds
to a decrease in cracking vulnerability. As shownFigures 5(a) and 5(b), cracking is
governed by shear for a lower rangelLgfd values for all values of/G. As mentioned
before,L denotes the affected length of the structures hat always necessarily the entire
length of the structure. In the initial stages dlianelling or excavation, buildings act as if
they have a low./H. Boscardin and Cording (1989) and Son and Cor(20§7) explained
this fact by highlighting the propagating naturdwinelling- and excavation-induced ground
movements. According to them, ground movements llysgpaoceed over time, and,
impinged by the ground movements, increases preigedy. The figure thus illustrates that,
in the initial stages of a tunnelling or excavat{éor lower values of./H), diagonal cracks
(as an indicator of the shear dominating respoinsie walls are more likely to occur.

Another interesting point that was underlined byl&uwd and Wroth (1974) concerns
the range ofL./H that induces shear in sagging and hogging. As shder buildings in
hogging, this range is twice the corresponding eafggy sagging for alE'/G ratios. The
dominating coefficient is altered from shear todieg at different values df/H depending
on the value off/G. As the longitudinal stiffness is increased (oe ®hear stiffness is
decreased), the range IofH with dominating shear damage is extended in bagigisg and

hogging (Figures 5(a) and 5(b)). This result isime with the notion that, i /G increases,
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the range ol./H where shear is responsible for crack initializai® extended. For buildings
with a low E /G of 0.5, almost the entire range @f/H is dominated by bending in both
sagging and hogging (Figures 5(a) and 5(b)).

[Figure 5 near here]

4.2. Implementation of horizontal strainsin thetransfer function of LTSM

The effect of horizontal strains can be introdutedhe transfer function concept for the
hogging cases. To achieve this, transfer functgquragon is re-expressed in terms of the total
tensile strairs, and the horizontal straigy,, as shown in Equations (13) and (14). For this
purpose, epmax and €;mq4, are isolated in Equations (8) and (9) and thenresged as
(e — &) and €, — €, cos 45), respectively. During the isolation ef,,,4, from Equation (9),
the diagonal component ef can be simply taken ag cos 45 assuming that it is in the 45
inclined plane with respect to the horizontal di@t. If each side of Equations (13) and (14)
is linearized ing;, the expressions can be rewritten as shown in tieqsa(15) and (16).

Herein, the adapted coefficierdg” andC,;" are functions of,, C; and theg;, /¢, ratio.

A/L = Cpepmax = Cp(&r — 1) (13)
AL = Ca€gmar = Cav €2 — er&p, = Cy4(g, — ), cOs 45) (14)

_ & _
A/L = [C" (1 e(= 0.0006)>] & = Golec (15)
AL = [Cd (1 £.(= 0.0006) °*° 45)] & = [Cale, (16)

Total tensile straire; in g,/¢; can be assumed as critical tensile strain of brick
masonry wall at the onset of visible cracking. Here.,.;; is taken as 0.06% complying with
the suggestion of Burhouse (1969). Thg0.0006 can be assumed as relative magnitude of
average horizontal strain acted on the structurdaagging. If average;, value on the

structure is knowrg, /0.0006 ratio can be calculated. However, in many prattiases, it is
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very difficult to measure the horizontal straindeaicon the structures directly. Also they
cannot be separated from the bending related lad&gans. In the cases in which ground
movements are assumed to be transferred to thetwsu without any significant
modification, building horizontal strains can bdirasted by deriving the free-field ground
settlement profile over the pertinent portion o thuilding. Horizontal strains can then be
assumed as 0.5 to 1 times the change in the sloje dree-field ground settlement profile
(Boscardin and Cording, 1989). Herein, it has to roged that the results will be
conservative.

For the known values oA/L,C, and C; and the estimated/measured value of
€,/0.0006, a new value ofe, is calculated through Equations (15) and (16). The
corresponding damage class is then determineddingato the new value af;. In bending
critical cases where the estimated/meassggeekceeds the,,;; = 0.06% (g,/&; = 1) and in
diagonal tensile strain critical cases wherg> 0.085%, the damage class can be
approximately determined by compariag directly to limiting tensile strain boundaries in
Table 1. In other words, horizontal strain in thoases is assumed to be directly responsible
for the prospective building damage. In Figureh@, ¥ariation ofC,” andC,;"* coefficients for
varying L/H values is illustrated. Note that these curvesderésed for a masonry wall with
E/G = 2.6 situated in hogging. As shown, ag/¢; increases (role of, on prospective
damage increases), the value€pfandC," are reduced. The reduction®@f" is higher than
that of C;* becauses;, is working in parallel to the longitudinal straidsie to bending. In
addition, it should be noted that, g/, increases, bending critical rangelgfH slightly
increases because tensile strains in the longdéldimection (due to bending and imposed
horizontal strain) are increased. Note that a reoliof C,* andC," results in an increase of
the calculated new; value and accordingly damage class for a givéh

[Figure 6 near here]
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It is emphasized that the mentioned modificatioasiricorporate the effect of
horizontal strains are performed basically for mgkevaluations for deep beam equations, as
will be presented in the next subsection. The psedomodifications are not intended to
constitute a new in-situ assessment methodology.

4.3. Back-calculation of the coefficients of the LTSM transfer functions from real

and simulated case studies

Using the back-calculated coefficients of trandterctions and utilizing the implementation
of the effect of horizontal strain, a simple evéioa of available data is conducted here
(Table 3). For this purpose, the real case studfiddoscardin and Cording (1989) (case 1)
and Farrell et al. (2014) (cases 7 and 8), the raxpatal data of Son (2003) (case 2) and
Giardina et al. (2012) (cases 3-6) and numerical data of Giardina et al. (2014) (cases 9-
11) are used (Table 3). The specific intervalsdoroefficients are then back-calculated to
compare withC coefficients derived by the extracted deep beanatuons in Table 2. Case 1
is a four-storey brick bearing wall structure sebgel to ground movements due to the
excavation of a twin tunnel. The foundation corssist rubble strip footings. An extensive
shear damage was observed in the hogging parteibithe walls over a length which is
almost equal to the wall height {H~1). Cases 7 and 8 refer to a two-storey brick beari
wall structure overlying a tunnel excavation. Isalhas strip footings. It was reported that
this building responded relatively flexible to twatimg-induced ground movements.
Moderate level of damage was observed in the sgggi hogging parts of the building.
Due to the complex nature of real site problemslaoki of data reported, very few real case
studies were available to make back-calculatiomsti@ other hand, as being in a controlled
environment, the measurements and results of ledrgraests and numerical tests offer
advantages for the theoretical robustness of tloi-balculation work. The cases 2-6 are

therefore derived from experimental studies (S@&932and Giardina et al., 2012) including
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physical tests of a 1/10-scaled brick masonry fagadh openings under artificial hogging
conditions. Shear-related damages were observeatidee cases. Note that the cases 3-6 are
sub-steps of the wall experiment of Giardina e{(2012). The last three cases (9-11) are the
simulations created using the proposed damageifuscof Giardina et al. (2014) in which
many parametric nonlinear finite element analysesewconducted. All simulated cases
include a brick masonry wall model which is similarsize to the wall physically tested in
Giardina et al. (2012). The parametric damage fanstallow the application of different
opening ratios, different magnitude &df L. and sagging conditions.

[Table 3 near here]

Table 3 also lists the structural properties anfdrdeation measures for each case, as
well as the observed damage classes.Efe column shows the values which are explicitly
reported (for cases 3-6), extrapolated (for casasd29-11) and assumed (for cases 1, 7 and
8). A similar extrapolation technique (based onghggestions of Son & Cording, 2007 and
Giardina et al. 2015a) that is used for the casasd?9-11 cannot be done for the cases 1, 7
and 8, due to missing information regarding thengetoical properties and opening ratios of
the walls. However a small sensitivity study is docted using differenk /G values in the
back-calculation process of these cases. In Talla/3.),,..s represents either the ultimate
deflection ratio for the cases 1, 2, 7, 8, 9, 10 ah or the deflection ratios attained at the end
of various sub-steps in the experiment of Giardihal., 2012 (cases 3-6). Note thAgtl, and
the corresponding damage increased progressivelygdinis experiment.

The effect of horizontal strains is also considefi@dthe hogging cases 1, 2 and 8.
While the horizontal strains in the cases 1, 7dsayp and 8 are calculated with the practical
assumption that they vary between 0.5 and 1 tilmeschange in the slope of the free-field
ground settlement profile, in case 2 it was disectleasured on the specimen wall. In the

cases 3-6, no horizontal strain was considerechbyatithors due to the use of a lubricated
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rubber interface between the test wall and supppdieel profile. Likewise, in the cases 9-
11, horizontal strains are assumed to be zero Beaafuthe presence of a smooth interface at
the wall base in the numerical analyses.

Damage classes were either explicitly reported dasethe visual inspection results
(cases 1, 7 and 8) or defined based on the maxionack width and crack intensity (cases 2-
6). For the cases 9-11, damage classes are dirdeflged as a result of the damage
functions. Note that the maximum crack widths tister the cases 2-6 are ten times the
experimentally observed values to be in line wita field scale (Son, 2003 and Giardina et
al., 2012).

Based on the reported data and damage classevatuation procedure is performed
as follows:

* (p andC, coefficients of the transfer function are calcethbased on reported
L/H and E/G values through the extracted original deep beamatémns
given in Table 2. The minimum af, or C; is decisive on the dominant
damage type (bending cracking or diagonal tensiéeking). The defined
damage type is compared to observed damage typealFof the cases
presented here, the defined damage type is inwitiethe observed damage
type.

¢ The range of’,,) andC,) is back-calculated using Equations (17) and (18)
substituting (A/L)meas and  &imaow) aNd  &mepy boundaries  which
correspond to the reported damage class. Notebtwk-calculation is based
on only measured and observed case informatiorttaredindependent of the
deep beam equations.

e The obtained back-calculated randgg,,)- Cquypy is then compared to

calculatedC, or C; value, whichever is critical (minimum). In the lydgg
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cases, if exists, the effect of horizontal straan also be considered. Note that
incorporation of the horizontal strain will resulh a reduction in the

coefficients of the transfer functions (see Equegi@l5) and (16)).

A/L
C(low) =( / )meas (17)
glim(up)
(A/L)
Coupy = ———— (18)
lim(low)

4.4. Discussion of the results of performed back-analysis
This section presents and discusses the resulimedtthrough the back-calculation of the
coefficients from the 11 case studies. Note thaiim of this back-calculation is not to make
a verification of the current LTSM, but to provide different perspective for future
examinations. It should be noted that the crackhgidjiven in Table 1 were not intended to
be used on their own to decide on the damage cldssh has been done here in the back-
calculations. However, the results of the back+dalions are meant to show to what extent
the observed damage and measured crack widthsoarpatible with the limiting tensile
strain boundaries;i,ow) @aNd &;mp) iNtroduced in the current damage classification
method.

[Figure 7 near here]

Figure 7 compares the calculatég and C, coefficients to back-calculated;,-
Cwp) ranges for each case presented in Table 3. Itldhoe stated that, for an ideal
agreement between observed damage & measuredwadttis and attributed limiting tensile
strain boundaries, the calculatégandC, coefficients are expected to locate in-between the

back-calculatedC(;,,,) and C,;,) boundary values. From this aspect, a general agnee

between calculated, andC, coefficients and back-calculated ranges is seeth@®majority
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of the examined cases. For the cases 2, 5, 8 amdvitiich moderate or higher damage was
observed, the calculated decisi¢g coefficients tend to clearly overestimate the back
calculatedC ranges. This might be because calculdlgds a constant value and it cannot
capture degraded stiffness beyond moderate danfagese structures. On the contrary, in
the cases 3 and 9 in which negligible or slight dgenwas observed, the calculated decisive
C, coefficients tend to clearly underestimate thekbzadculatedC ranges. This might be
because these structures response actually irifer stianner than being estimated by the
deep beam approach.

Recalling the generic form of the transfer funcéo/L = Ce.,;;, it can be stated
that overestimation af,, or C; will yield an underestimation of the damage fag ftructures
having moderate or higher damage in reality. Thtisagon can also be considered in the
assessment procedure of the structures which ameagkd prior to excavation works.
However, being quite conservative as a result filoendirect application of free-field ground
settlements, the mentioned underestimation is npoebably compensated during the
evaluations made by LTSM.

For the cases 1, 4 and 6, in which moderate to severe damage was observed, the
calculated decisivé€,; values tend to approach to the upper boundarij@back-calculated
C ranges. In the cases 7 and 10, in which modeatgade was observed, the decisiye
(for case 7) and decisivg; (for case 10) tend to approach the lower boundéthe back-
calculatedC ranges. Note that case 7 corresponds to a bewdingal case and thus, is
decisive.

It has to be highlighted that the varyiBgG values from 2.6 t010 for the cases 1 and
8 has insignificant effect on the results of thaleations made above. This is because the
influence of the value of /G on the determination of the decisig¢g coefficient is quite

limited, especially for the hogging cases upLttH=2 (see Figure 5(b)). Note that the
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decisive C coefficient shifts fromC, to C; for the values off /G >11 for case 7. This
situation could have an effect on the evaluationasie 8.

There are only three cases (1, 2 and 8) for wtieheffect of horizontal strain can be
incorporated. For the cases 1 and 2 the magnitittee@verage horizontal strasp exceeds
0.085%. Therefore, Equation (16) cannot be usedveler, it is obvious that calculatet}
value would be lower for these cases. The arrowsmdadownward represent this expected
reduction in the calculated; value (Figure (7)). Interestingly, the damage slafsthese two
cases (severe for case 1 and moderate for casen2)ec determined by means of a direct
comparison of the average horizontal strain to lin@ting tensile strain boundaries
Elim(low) @Nd Eimupy- This situation might show that damage in thesegas governed by
mainly horizontal strains. For case 8, in whichrage horizontal straim, < 0.085%, the
overestimating’; value (1.01) can be reduced t@€ A value (0.38) by using Equation (16).
As seen in Figure (7), the reducég’ value provides a better approximation to the back-

calculated range.

5. Conclusions

In this paper, an overview for the LTSM is presdnémd the approaches adopted in this
method are evaluated with the findings of existsigdies available in the literature. A
transfer function view of the fictitious deep beaguations is provided to offer a more
independent sight for the interpretation of theatiehships between deflection ratio,
structure’s geometry, longitudinal/shear stiffneao and the limiting tensile strain. The
conclusions are presented as follows:

e LTSM as a practical tool is useful in the prelimypassessment stages of the

buildings as long as its limitations are consider&€te findings of the existing
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experimental and numerical studies showed that LT®Mht be substantially
deficient to predict real building responses dugstsimplicity.

* The fictitious deep beam equations proposed byaBdrland Wroth (1974) were re-
expressed as a transfer function/k = Ce.;+), and the interpretation of the
A/L — L/H relationship was simplified by focusing on the fliceent ‘C’. The
original deep beam equations were also modifiem¢tude the effect of the average
horizontal strain. Furthermore, an evaluation ef $hmply modified and current deep
beam equations was performed using the reportedatat observed damage classes
of case studies available in the literature. Theulte showed that the observed
damage and measured crack widths are more or tespatible with the limiting
tensile strain boundaries. It was shown that ferdhses in which moderate or higher
damage was observed, the original deep beam eqgsatnd to underestimate the
resultant damage class. However, being quite ceasee as a result from the direct
application of free-field ground settlements, thentioned underestimation is most

probably compensated during the evaluations maderB.
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Figure Captions

Figure 1. (a) Different positions of buildings in the transverse settlement trough: (i) sagging,
(ii) at an inflection point and (iii) hogging. (b) Possible ground settlements due to deep
excavations (modified from Hsieh and Ou, 1998)

Figure 2. Deformation measures for amasonry wall conforming to a ground settlement
profilein (a) the sagging zone, (b) both the sagging and hogging zones and (c) the hogging
zone and the typical building damages or response (d, e, f and g).

Figure 3. Fictitious deep beam model (Burland and Wroth, 1974).

Figure 4. Damage prediction diagrams of (a) Boscardin and Cording (1989) and (b) Burland
(1997).

Figure 5. C — L/H composite curves obtained for different values of E /G: (a) for sagging
and (b) for hogging.

Figure 6. Variation of C,* and C;"* functionswith L/H.

Figure 7. Comparison between calculated decisive C values and back-calculated C;ou)-Crup)

ranges
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Table 1. Damage classification table (modified from Burland et al., 1977 and Boscardin &

Cording, 1989).

€lim (%)
- : Approximate After Boscardin and
Category of Description of typical damage i )
damage Damage class and ease of repair 3° cratzl:nvnvql)dth Cording (1989)
Elim(low) Elim(up)
O-Negligible Hairline cracks Upto 0.1 mm 0.000 0.050
Fine cracks that can easily be
Aesthetic damage I-Very slight treated during normal Uptolmm 0.050 0.075
decoration.
. Cracks can be easily filled.
I1-Slight Cracks are visible externally. Upto5mm 0.075 0.150
The cracks require some 5to15mmor a
Il1-Moderate  opening up and can be patched  number of cracks 0.150 0.300
Functional damage by a mason. larger than 3 mm
affecting Includes large cracks. 15 to 25 mm but
serviceability IV-Severe Extensive repair work is also depends on > 0.300
! the number of
required.
cracks
Beams lose bearing, wallslean Usually larger
; - than 25 mm but
Structural damage and require shoring, and there
- - V-Very severe . also dependson > 0.300
affecting stability is adanger of structural
3 L the number of
instability.
cracks
Notes:

&L ocation of damage in the building or structure must be considered when classifying the degree of damage.
® Descriptions are shortened for brevity. Refer to Burland et al. (1977) for full descriptions.

¢ Crack width is only one aspect of damage and should not be used alone as a direct measure of it.



Table 2. The equations extracted from fictitious deep beam equations (Equations (4)-(5)) to

calculate Cp, and C, coefficients.

C coefficients

Sagging (t = H/2)

Hogging (t = H)

Cp
(extracted from Equation (4) for
bending critical cases)
Cq
(extracted from Equation (5) for
shear critical cases)

017L+025HE
" H LG

1+067(%) &
" \H/ E

0083L+05HE
' H LG

1+017(%) %
" \H/ E




Table 3.The reported features of the case studies

Reported data

Observed damage

class
Case
reference and < Damakge _sdtz;te and max. Elim(low)
number L/H E/G (A/L)meas e, h crack width (mm) at &
0.0006 (A/L)meas map)
Boscardin . . .
and Cording 1 1.00 260 Hogglng 7 5x10° 125 Severe dlggonal craqklng Severe
(1989) ) ' 5.6x10 ’ ) near to window openings (0.003, higher)
a Hogging 3 Diagonal cracks around Moderate
Son (2003) 200 129 0.53x10° 1.7x10 2.83 10 mm (0.0015, 0.0030)
Hogging - Negligible
3 1.21 11.0 6.00x10" 0 0 Hairline cracks (0.0000, 0.0005)
Hogging Many cracks from 5 to Moderate
Giardina et al. 121 110y a5 0 0 15 mm (0.0015, 0.0030)
(2012) Hogging Many cracks from 15 to Severe
5 12l 110 4 90010 0 0 25 mm (0.003, higher)
Hogging Many cracks larger than ~ Very severe
6 12l 1105 sox10’ 0 0 25 mm (0.003, higher)
Farrell et Sagging . Moderate
7 2.75 2.60 1.90%10° -0.32x10° N/A Cracking (0.0015, 0.0030)
al (2013) g g2 260 0099Nd 053x10° 0.8 Severe cracking g o'\gggegag%go)
Hogging ) Slight
9 121 260 5 enxi 0 0 (0.075, 0.150)
Giardina et al. Hogging Moderate
o14) 10 121800 5 600 0 0 - (0.0015, 0.0030)
Sagging ) Very severe
112l 1100 56500 0 N/A (0.003, higher)

Note: ® This value was extrapolated by using the openitig raE /G relationships given by

Son and Cording (2007) for a shear/normal stiffmatie of 1/8 for the joints.
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