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Abstract

Masonry arches are vulnerable to seismic actions. Over the last fewepgansive research has been carried out to
develop strategies and methods for their seismic assessment and strengitenapplication of constant
horizontal accelerations to masonry arches is a well-known quasi-staticdnetfioh approximates dynamic
loading effects and quantifies their stability, while tilting plane testiagciseap and effective strategy for
experimentation of arches made of dry-stack masonry. Also, the aostremgthening techniques for masonry
arches are mainly focusing on achieving full strength of the systivarithan stability. Through experimentation of
a dry-stack masonry arch it has been shown that the capacity ahacearbe increased, and the failure controlled
by defining hinge positions through reinforcement. This paper utidizpsrimentally obtained results to introduce:
(1) static friction and resulting mechanisms; and (2) the post-minimeaahanism reinforcement requirements into
the two-dimensional limit analysis-based kinematic collapse load calculatbxQKsoftware designed for the static
seismic analysis of dry-stack masonry arches. Computational results aatecbidainst a series of experimental
observations based on tilt plane tests and good agreement is obtained. Discraté ratataks to represent the
masonry arch with different hinge configurations are also developed to estabéitiation trifecta. The limiting
mechanism to activate collapse of arches subjected to hinge control is investigatesiighitsiiimto the optimal
reinforcement to be installed in the arch are derived. It is envisaged thatrém cuodelling approach can be used
by engineers to understand stability under horizontal loads and detedagthening criteria for masonry arches of
their care.
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1 Introduction

Seismic assessment and retrofitting of masonry arches is critical for bothvptieseand safety. Full-scale non-
linear dynamic testing and analysis is often required to understatrdefgehaviours of an arch under seismic
loading, but such approaches are time consuming and expensivddmanpAs an alternative, static assessment
strategiehavebeen employed by several researchers in the past with sufficient sucsestatie seismic
assessments, the condition of constant horizontal acceleration is often utilizéige &éiling plane test has been
proven to be a cheap and effective strategy to impose static horizontal accel¢cagiorarch (DeJong 2009)
However, the tilting plane decompsgravity instead of adding acceleration and ultimately changes thensyste
While these changes do not alter the capacity of an arch, the stressesae wadch could have an effect when
non-ideal conditions are considered.

There does exist a significant amount of analysis tools, techniques, @eridrental investigations aimed at the
assessment of arches and existing structures (Sarhosis et at. B@llbbt al. 2014; Hendry 1998For earthquake
loading, the commonly used techniques are divided into limit analysisglhdyhumerical analyses approaches. The
LA approaches include the upper and lower bound theorems. The lowst theorem, states that an arch is stable
if there exists a thrust line that lies entirely within the boundary of dfe &he thrust line analysis is derived from
+RRNHTV KDQJLQJ FKDLQ DQDORJ\ VR @nd®asl hddrGutilizgd toHhpodesthtic VDIH WKHR U
horizontal testing through the gravity decomposition of a tilting planeaiized009; Huerta 2005; Heyman 1969).
The upper bound theorem, or kinematic theorem states that an arch wilafeihgmatically admissible mechanism
exists that produces positive or zero work from external forces.apbimach applies equivalent horizontal
accelerations and an iterative approach to the principles of virtual work to oet@woiapse (Clemente 1998;

Gilbert and Melborn 1994; Oppenheim 1992). The lower bound tillimgepanalysis utilized by DeJong (2009)
produced results in agreement with the upper bound results piviaditained by Clemente (1998) and Oppenheim
(1992). Additionally, the kinematic theorem with lateral loading has bakaated both numerically and
experimentally (Dimitri and Tornabene 2015; Alexakis and Makris 2014;U2a et al. 2004; Ochsendorf 2002)
which in turn argues the validity of the tilting plane analysigtierkinematic theorem.

The numerical approaches used to simulate earthquake loading in masbesyae divided into two main

categories: a) non-linear finite element method (FEM); and b) the disiindistrete) element method (DEM). The
discontinuous nature of masonry does not allow it to be modelled in the elasiticiaomand thus requires the non-

linear analysis (Dimitri and Tornabene 2015). The non-linear FEM anadygifres a high level of expertise to

employ and is computationally expensive. Nonetheless, it has been sucgeggflidid in both static pushover and

non-linear dynamic cases (Formisano and Marzo 2017; Gaetani et al. 2ELBOP5; Zampieri 2015; Krstevska et

al. 2010; Pela et al. 2009; Fanning, et al.20DEM was originally used in rock engineering where continuity does

not exist and has been used for simulating the mechanical behaf/inasonry structures (Sarhosis et al. 2014;

Giamundo et al. 2014; Forgacs et al. 2017; Bui et al. 2017; Cundal 19Ml)rddEs on the principles of

Newtonian laws of motion to characterize the position and velocity of dack In particular, the calculations are

made using the forc6¢ LVSODFHPHQW ODZ DW DOO FRQWDFWYV DQGRWKW 1IMHKAHNRQTV
force-GLVSODFHPHQW ODZ LV XVHG WR ILQG FR @WIDFHW 1LIIRZW R Q 1V R/ NRRE @ K
governs the motion of the blocks resulting from the known foacting on them. The movement and deformations

of the blocks are traced per time step which results in the ability to exanainprogressive development of collapse

(3DEC 2015; Sarhosis et al. 2016a, Dimitri and Tornabene 2015; D2068gDeJong et al. 2008; De Lorenzis et

al. 2007). As with the non-linear FEM, DEM requires a high level of ¢isgesind computational costs (Sarhosis et

al. 2016c).

Today, a comprehensive understanding of the seismic behaviour e axists as well as the ability to analyse
most situations. The problem is the accessibility of that understandirtgeaefficiency at which it can be applied.
Both LA approaches examine earthquake loading through statics anditee torthe onset of a mechanism. They
cannot predict the post-stable dynamic respdmnggf the mechanism is not engaged, then neither is the dynamic
rocking (DeJong et al. 2008; De Lorenzis et al. 2007). Therefore, Bo#iphroaches produce conservative results
and coupled with the simplicity and speed at which results can be obtaimmtisise a strong justification for their
use in standarseismic assessments of masonry arches.

In addition to the tools and techniques of assessment, there also exstgaistterstanding of reinforcement and
retrofitting strategies for masonry arches (Heydariha et al 2019; Aleosnatlal. 2018; Bertolesi et al. 2018;
Carozzi et al. 2018; Ceroni and Salzano 2018; De Santis et al. 2018; Modena et &8haftdsharya et al. 2014;
Calderini and Lagomarsino 2014). Of the various techniques, fibre regafpolymers (FRP) and textile reinforced



mortars (TRM) are strategies that have proven their adeptness for reigfitezural hinges and their ease of
installation Their application however is typically done such that the §rfdilure transforms from the traditional
mechanism to a material strength problem (i.e. delamination, ruptarashing) (Bertolesi et al. 2018, Carozzi et
al. 2018; De Santisetal. 2018;,QD QLD D QG ' ®adeMaBt al. 2015; Borri et al. 2011; Cancelliere et al.
201Q Oliveira et al. 2010). The great diversity of ages, environments and nsteséa to construct arches impose
a significant burden on generalizing material properties and thus the reliabilipredictability of strengthening is
isolated to the reliability of the material properties.

The analysis of unreinforced masonry arches has focused omihéterthe limiting mechanism and tihe

retrofitting has focused on maximizing strength. While this dualitywerstandable and expected, it overlooks
what existdn-between those limitdhe limiting mechanism of an unreinforced arch has a capacity that at best
approaches one-tenth of the material capacity and capitalizing on thismiifienas been theoretically introduced
(Stockdale 2016; Heyman 196@) notable consequence of reinforcing the minimum mechanism iattioeluction
new mechanisms and thus the need to look beyond the minimwes. arfss need drove the creation of a first-order
assessment strategy and the Kinematic Collapse Load Calculator (KCLC) (StasididMdani 2018a; Stockdale et
al. 2018) The KCLC is an interactive open source tool designethalyse the mechanized failure of masonry
arctes It utilizes ideal conditions of masonry and the closed form solutionsiaige limit analysis approach that
produces collapse and reaction values based on user defined hinge argldoafigurationsin its current form the
KCLC is limited to education, but the simple structure of the interfaddtee underlying LA approach were
designedo adapt and expan®ne adaptatioto the LA model has been the incorporation of any drawn arch
geometry through a CAD based data extraction technique (Stockdale and Milani. 2da3i)ng this technique

into the KCLC removes many of the ideal geometric conditions. Now #a licthaviours need to expand and adapt
to real conditions through experimentation.

The first experimental tests measuring the seismic capacities of a tdradynissible mechanisms for an arch
through a tilting planéas been executed (Stockdale, Sarhosis and MilatB8RThe initial assessment of the
experimental results revealed that the general behaviour of the arch wasddyy the LA model, but that the
capacity was significantly overestimated for the majority of the tested himfiguations Additionally, the
observed failure of the arch was not limited to the traditional four-hinged nisgh#or all 82 recorded collapses,
but rather a three-hinge plus one slip-joint mechanism controlled the failurerfain configurations

The KCLC was developed directly from and for the structural design atgs@nof masonry arches through the
examination of kinematically admissible mechanisnie first experimental campaign into the seismic capacity of
a family of kinematically admissible mechanisms for a dry-staclomgsarch revealed non-ideal conditions and
capacities while maintaining the expected behaviour of the system. It isemmgsary to adapt the KCLC to match
the experimentation and observations, but they themselves must alstifieljas they are not ideal. This work
simultaneously addresses both issues and utilizes them to establisi anabysis platform for designing and
defining the failure and seismic capacity of masonry arches. First, in Secti@ntting plane analysis and six
additional mechanism types arising from the consideration of a slip joint laskehinge are defined and
incorporated into KCLC and the LA model through modifications teethelibrium conditionsSection 3 then
describes the experimental setup. Section 4 presents the LA and DEM arch aradgdss he procedure, data and
results are described in Section 5, and is followed by the post-procassinglidation in Section 6. Utilizing the
validation of the experimentation with the additional mechanism types, S&qti@sents the application of the
limiting mechanism condition to the ideal parameters of the experimenéesals potential sensitivities between
reinforcement and capacity. This limiting condition is also expandeditaincular arches through the
incorporation of the CAD based data extraction. Finally, the violation of thestadle kinematically admissible
mechanism that arises from the flexural reinforcement of hinge jointtharicaditional consideration of the thrust
line is addressed in Section 8 to define reinforcement requirementssfempomum mechanisms. The work is then
concluded in Section 9.

2 KCLC, Tilting Plane and Mechanism Analysis

The original KCLC is an open source educational tool to expand the accesaifdlipnderstanding of masonry
arch analysis, and to act as the foundation for a robust, efficienffaotive structural analysis platform (Stockdale
et al. 2018). In order for the transformation from purely educattoralprofessional application to occur, the
approach must be able to model real conditions observed through expetionefiar the static testing of seismic



capacity, tilt table testing provides a cheap and efficient method of expésiraealysis. To capitalize on this
testing method, the KCLC must be adapted to account for the gravity plesition.

Additionally, the first experimental campaign focusing on kinematmisslbility revealed a second admissible
mechanism type (Stockdale, Sarhosis and Milani 2018). The traditional neohamolves the development of
four rotational hinges that alternate between the intrados and extrados (dge Higs second mechanism regdit
in the release of the translational degree of freedom associated withstloé dtetic friction at the base hinge joint
H1, also shown in Fig..XCoupling the experimental results with the violation of the ideadlip condition revealed
five additional plausible mechanism types to evaluBtese mechanisms range from Type | to Type VII. Type |
represents the standard four-hinges mechanism. Type II, INméke up a group that replace rotations with slip
translationsType V, VI and VIl establish a second group that remove a hingetfreravaluation by combining the
release of slip and rotation at hinge Hhis section presents the modified equilibrium equations for thetgravi
decomposition problem and the additional mechanism types, and theirdratap into the updated KCLC
software developed in this work.

() T T @ -Hings I,

(b) T ' L ) @ - Hinge H,

| | [T —= .Slip§,

Fig. 1 Admissible mechanism configurations for the (a) standard fouetlingch and a (b) three-hinge one-slip
arch with hinge Hreplaced with an outward slip S

2.1 KCLC Overview

The KCLC utilizes an equilibrium approach to the upper bound theoreémib&halysis and evaluates the collapse
condition for a user defined geometry-hinge-load combination. The cotiaydsiplier is incorporated into the
equilibrium equations as a reaction to balance equations and unknowns. tEheisyepresented in matrix form as:

$0P KL <MF 1)

whereBC is the balance matrix,is the reaction vector, amgs the constants vectdfrom (1), the reaction vector
is solved by:
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The equilibrium set is updated and evaluated with each hinge adjustmeonoetgy-loading modification. After
evaluating the reaction vector, the results are processed to determinahalitynid$he admissibility requirements
are that the collapse multiplier is positive, the reactions at the hinges are compeggbsie, thrust line passes
through the hinge points. If the reaction set is admissible, they areygidpénd the thrust line is plotted. Figure 2
shows the updated KCLC with an admissible and non-admissible corfdititre original horizontal loading
condition and the standard Type | mechanism (see Appendix Addistiof equilibrium equations).
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Fig. 2 An (a) admissible and (b) non-admissible hinge configuration fastérelard Type | mechanism subjected to
constant horizontal acceleration

2.2  Tilting Plane and Type | Mechanism

Figure 3 shows the equilibrium condition for the standard Type | mésha-rom Figure 3, the collapse load
multiplier forthH DV\PPHWULF SR L Qs S2R®z8roRR&N @valatir®y@he horizontal acceleration
FROODSVH R0 itk 8etsh.H ke collapse multipligis determined as a percentage of gravity, and its



inclusion increases the net acceleration experienced by the arch. A tiltieghalevever maintains a constant
acceleration that is decomposed into vertical and horizontal components. Magqthaicollapse multiplier as a
percentage of gravity, the tilting plane problem is addressed by desomhe vertical acceleration.., and
horizontal acceleratiofiae, into

Rod FC ® *as 3)
and
Dhod C B E ... 14&;; (4)

respectively (see Fig. 3). The maximum rotation angle is then obtajreetdrmining the tilting plane rotation
angle, , that results in a collapse multiplier equal to zero.
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Fig. 3 Equilibrium condition for the standard Type | mechanism (a) withaditBhwith the inclusion of gravity
decomposition associated with a tilting plane

The incorporation of the tilting plane into the KCLC is through thauahadjustment of the rotation angle as can
be seen in Fig. 4. Note that the exceedance of the maximum rotatiompeordilees a non-admissible condition.
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Fig. 4 Tilting plane limit analysis of a masonry arch with the standard Typechanism at the (a) beginning of

rotation, an (b) intermittent rotation, and the (c) maximum rotation angle.



2.3 Slip Replacement MechanismstType II, Il & IV

Figure 5 shows the equilibrium condition for the mechanisms Tyibedugh Type IV which are based on the
replacement of hinge Hwith a slip translation S Mechanism Type |l represents the experimentally observed
condition of only the Hto S exchange. Type lll and Type IV mechanisms combine the egehafrty to S and
Hs to S respectively with the HS; switch
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Fig. 5 Equilibrium conditions for the Type Il, Ill and IV mechanisms

The exchange of rotation to slip at a joint has the consequence of rerti@/siggularity of the thrust line

boundary condition at that joint. Rotations fix the thrust line at the hingehe slip condition releases that

restraint. Without the knowledge of the thrust line location at the slip jointpaemtomust be included into the
equilibrium condition. This moment is defined as

/gL A® O )

for the i" mechanical joint. The eccentricity,, is taken as the distance from the standard hinge location and the
reaction forcelN;, is the normal force to the mechanical joint. The inclusion of the momnterthireaction
variables is then balanced by the static friction relationship

25L 0y®;a (6)
and
aL—fegq; (7)

whereP; is the parallel reaction force at tiejoint, sis the coefficient of static friction angis the friction angle.
In terms of cartesian coordinates, the relationship between the horizontal and reatitans becomes



RL Q- (8)
where .; is established through the reaction vector condition and the mechanical jomtEmgslip joints § S
and S the geometric relationships between the joint angle, the friction angle argttiem vectors are shown in

Fig. 6. Equation ®rovides the addition tBC necessary to balance the inclusiovbto r. Appendix A lists the
developed equilibrium equations.

Slip Joint S,

Fig. 6 Geometric relationships between the joint angle, friction angle, and reactiorsviecttire three slip joints
used in the slip replacement mechanisms.

In the context of admissibility, the trust line must cross the joint boundaych a way that the nature of the
mechanism under evaluation is maintained. Additionally, a negative eccgntiicitd indicate that the thrust line
lies outside the mechanical joint boundary. This limits the eccentricity betiedinge edge and half the joint
thickness

rQ AQP )

2.3.1 Mechanism Type Il

The Type Il mechanism exchangesfblr S,. For Egn. 8
VS L F aF 3 ((X0)}

and it is established from the geometric relationship seen in Fig. 6.



Figure 7 shows a Type Il mechanism with two different frictioglemthat produce an admissible mechanism for
the given mechanical joint configuration.

Kinematic Collapse Load Calculator: Circular Arches
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Fig. 7 Admissible Type Il mechanism under constant horizontal acceleration istthrfrangles of (a) 17.6° and (b)
28.13°

2.3.2 Mechanism Type Il

The Type Il mechanism exchangesfdr S, in addition to the KHS; switch. This results in another use of Eqn. 8
with

WLZFaFa 1)
as established from the geometric relationship seen in Fig. 6.

Figure 8 shows a Type Il mechanism with two friction angles tratyce an admissible mechanism for the given
mechanical joint configuration.



Kinematic Collapse Load Calculator: Circular Arches
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Fig. 8 Admissible Type Ill mechanism under constant horizontal acceleration witbrirangles of (a) 26.25° and
(b) 27.28°
2.3.3 Mechanism Type IV

The Type IV mechanism exchangesfblr S in addition to the IS, switch. This also results in another addition of
Eqgn. 8 with

U, L. F & F 3 (12)
as established from the geometric relationship shown in Fig. 6

Figure 9 shows a Type IV mechanism with two friction angles that peodn admissible mechanism for the given
mechanical joint configuration.



Kinematic Collapse Load Calculator: Circular Arches
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Fig. 9 Admissible Type IV mechanism under constant horizontal acceleration withrrantigles of (a) 34.48° and
(b) 35.85°

2.4  Reduced Hinge MechanismstType V, VI & VII

Figure 10 shows the equilibrium conditions for mechanisms Type ¥n®IVIl. Each mechanism is developed
from the condition of a double release of freedom (slip and rotatidiy) iatexchange for one of the other hinges
For each condition, the removal of a hinge results in a three pinnedraeriefore, the inclusion of the friction
condition (i.e. Eqns. 8 and 9) at I8 required to balance the collapse multiplier. The inclusion of a moment is
unnecessary as the hinge defines the thrust line location. The equilibrium iesjaatigpresented in Appendix A.
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Fig. 10 Equilibrium conditions for the Type V, VI and VII mechanisms

2.4.1 Mechanism Type V

Mechanism Type V removesstdnd thus element 3 from the system. Figure 11 shows a TypRamism with
two friction angles that produce an admissible mechanism for the gigehanical joint configuration.



Kinematic Collapse Load Calculator;
0.5 T T T t T

. Circular Arches

Height [m]

General Intructions

i) Provide Input data
M- Number of blocks [-]
R - Intrados radius [m]
T_R - Thickness-to-radius ratio []
Depih - Block depth [m]

Density - Black density [kg/m®*3]
ii) Choose load type
PL - Asymmetric point load
H_acc - Constant horizantal
acceleration
iif) Press Run
iv] Adjust hinge locations to determine
collapse load
v) Press Run fo reset plot if changes
are made o input data
vi) Press Clear to clear all data
MNGTE: Thrust line established from
ecoentricity required to maintain zero
moment at hinge 1

05

Height [m]

General Intructions

1} Provide Input data
N - Number of blocks []
R - Intrados radius [m]
T_R - Thickness-to-radius ratio []
Depth - Black depth [m]

Density - Block density [kg/m*3]
iiy Choose load type

PL - Asymmetric point load

H_aco - Constant harizontal
acceleration
iii) Press Run
iv) Adjust hinge locations to determine
collapse load
) Press Run to reset plot if changes
are made to input data
Vi) Press Clear to clear all data
NOTE: Thrust line established from
eccentricity required to maintain zero

moment at hinge 1

Fig. 11 Admissible Type V mechanism under constant horizontal acceleration withrfristgles of (a) 23.89° and

(b) 28.54°

2.4.2 Mechanism Type VI

Mechanism Type VI removesstand thus combines element 2 and 3 into a single rigid element. Figahew2 a
Type VI mechanism with two friction angles that produce an admissietdamism for the given mechanical joint

configuration.
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Fig. 12 Admissible Type VI mechanism under constant horizontal accelerationrigtibrf angles of (a) 19.6° and
(b) 29.66°

2.4.3 Mechanism Type VII

Mechanism Type VII removesstnd thus combines element 1 and 2 into a single rigid element. Figurewls3asho
Type VII mechanism with two friction angles that produce an adotéssiechanism for the given mechanical joint
configuration.
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(b) 37.37°

3 Experimental Setup

As expressed in the introduction, the objective of this work is tbduthe development of a simple and robust
structural analysis tool for the seismic assessment of masonry arche# tifv@agaptationf the LA model based

on experimental behaviour. For seismic capacity, quasi-static tilting plangtegide an efficient and effective
method to examine the effects of horizontal accelerations and can be estabtish base values that are ultimately
adjusted through correction factors to account for non-linear dyrahmvioursThis section presents the first
experimental campaign combining tilting plane testing with the controkafichanical joints (Stockdale, Sarhosis
and Milani 2018).

A 27-block semi-circular arch was chosen for the experimemt.bldck count was selected such that there were
many options of admissible configurations. The two base blocks weretdixkd platform and variations of five
joints for both hinges Hand H, wereselected. Taking the minimum mechanism for eaghilHpairs produced 25
distinct mechanisms to evaluate.



3.1  Arch Construction

Timber was chosen to construct the blocks to ensure they were duraldd ém@btain a minimum of 75 collapses

to measure the 25 mechanisms at least three timesTéaele 47mm x 75mm Canadian Lumber Standard timber
boards were combined to construct the bloBath 75mm sides of one board and one 75mm side of the other
boards were planed and then the boards were glued together on thesflaseftach face of the combined boards
was then planed to establish clean faa@ksharp edges. Thprocess increased the final block-defaticreate a

more stable arch with respect to the ofiplane behaviour. The blocks were then cut from a trapezoid template with
a short span of 38mm and tapered sides of 3.33° from square. Thédgleskhat make the arch boundary joints

were then scarified in an attempt to increase roughness.

After constructing the blocks, they were assembled and adjusted to estabhsbsthstable configuration (see Fig.
14). Theblocks were numbered, oriented, and the exposed faces were paintedithhétpoint grid applied across
each joint. The point grid templateshown in Figl6. The mass, block dimensions and point grid lengths were

recorded.

Fig. 14 Photographs of (a) the best fit cofiguration; the (b) number andati@nmarking; the (c) point grid
template; and (d) the final arch layout.

Figure 15 presents the constructed arch and the tilting platform. The final Veg®established by anchoring the

left base block to the platform and assembling the arch left to right. Shimsdded to the extrados of the right
base block to establish the most stable configuration prior to anchoring thd saserblock. The final arch
measured a clear span of 0.6695+0.0005 m and a rise of 8BAB05 m. The platform was constructed from a
dense composite board with risers. This a#dthe use of the negative space for anchoring. The riser on the left in
Fig. 17 was aligned perpendicular to the arch and spanned the wilthp&tformto definein-plane rotations. A
threaded steel rod was attached with eyebolts parallel to the rotation edge tmgl ehlifin was attached to the bar
at the centreline of the arch plane. Nuts and washers were added to tthedtr@ato maintain the lifting chain at
centreline.



Lifting chain

Fig. 15 I annotation of the 27-block arch experimental setup wathd L, representing measured lengths
parallel to the platform plane

3.1.1 Mechanical Joint Control

The mechanical joint control system was constructed with V&Idroe lightweight of timber alloed the use of the
shear strength of Velcfao resist hinge rotations while its own lighter weight ensures agilelglieffect to the
stable system. ébk-sided tabs were adhered in sets of two to both the intrados and extradok block creating
two parallel reinforcing planes as shown in Fig. T8e mechanical joint control was then achieved through
applying loop-sided straps across all non-mechanical joints (Fig 16).

™ =%

" IMechanical Jointf &7 .~

Fg 16 Image and identification of a defined mechanical hinge joint

3.2 Tilting Table

The tilting table was used to introduce quAs W DWLF KRULJRQWDO DFFHOHUDWLRQV *UDYLW\
PDJQLWXGH UHVXOW LQ WKH URWDWLRQ RI NRAMDW UR® L' RKH B thé QU HH TXHD\®
rotation angle is the only required information. The rotation of the tiftiage can be determined by

BpL o ks (13)

wherel is the measured height after rotation of a known distaradeng the plane of rotation (see Fig. 15). Section
5 presents the results of the experimental campaign executed with this cieasénch.



4  Arch Analysis Models

This section describes the development and verification of the geometric moaebiioration into a custom
KCLC and the DEM models developed in UDEC. The use of UDEC and its &kbach was to establish a
trifecta assessment for validation.

4.1 Geometric Model

The arch model was developed in AutoCARs a result of the high sensitivity of the block angels that arise when
constructing at tis scale, a statistical approach was taken to establishing the model. To hidiidiglensitivity,

note that the difference between a 27-block ag&block arch with a thickness of 54 mm is a 0.5 mm change, or
the width of a standard bandsaw blaaleither the intrados or extrados lengfhis sensitivity also carries onto the
precision of the block measurements and results in a drawn arcloéisatat match the physical conditions.
Although this sensitivity exists, the use of a single key to Itof ¢he blocks and the independent length
measurements ensure that the construction and measurementfeeamis block are independent and do not
compound. Therefore, the block dimensions were averaggtbwn in Figl19. The averaged block was drawn in
AutoCAD® and the arch was constructed in the same manner as the real one, stantthe fedt to rightThen the
intrados and extrados of random blocks were altered within the precigtmmaveraged block dimensions to fit the
archto the measured clear span, rise, and the slight rotation of the right bals¢hialiowas shimmed. The drawn
arch was then compared against the point cloud obtained from a lidar stas,@n be seen in Fig the two

results are in good agreement. Figli8shows the final drawn arch and the nomenclature used to describe it, the
experiment and the results.
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Fig. 17 The (a) averaged block dimensions and the (b) fitted block arcelmod

T, - i" block
Ji - i Joint

@®- " Hinge

[ - base block (fixed)

Fig. 18 Arch nomenclature



4.2  Limit Analysis Model

The LA model created for the experiment combines a simplified and custdi® Kith the drawn arch model and
the recorded masses. The drawn arch model is incorporated throwgiplication of a data extraction technique
developed by Stockdale and Milani (2018b). This technique extracts the georattrimdh the AutoCADB drawn
arch model and passes it to the customized KCLC. Fitislows an image of the developed KCLC for the
experimental arch. Note also that the recorded mass of each block was @pihieechodel and not averaged. This
results in a small variation between the area and mass centroids as can lydisedéarpet and cross respectively in
Fig. 19.
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Fig. 19 Custom KCLC for the experimental arch subjected to a tilting plane

The hinges of the interactive model are then manually adjusted to the defigedétdo obtain the collapse angle.

4.3  Numerical analysis using the Discrete Element Method (DEM)

Interdependent geometric models were created to evaluate each of the 25 meclirtnicalfigurations of the
experimental arch in the DEM model (see Fig 20). Voussoirs of thenarehrepresented by rigid blocks. The joints
were represented as zero-thickness interface elements behaving accordir@€ptddhab failure criterion. Material
properties assigned to the voussoirs of the arch ring are shownlenIT &baterial properties were obtained by
small scale experimental testing of the individual voussoirs. The material paraeneieed to represent the
behaviour of the rigid voussoirs is the unit weight (d), which wesntaqual to 550 kg/fnJoints between voussoirs
were presented by interfaces modelled using elastic-perfectly plastic coulontinslgrg¢a contact. For the joints,
normal and shear stiffness were selected high so that no peneteti@eib blocks was allowed to occur. The
interface cohesive, tensile strength and the dilatation angle were set to zero; gircexjperiment, the arch has
been constructed using dry-joints. Self-weight effects were also etindhe model as gravitational loaésach
analysis began blyringing thearchinto a state of equilibrium under its own weight. Then, a tilting planeg/sisal
was undertaken until the observed collapse of the arch (Figb)e 20



(b)

Fig. 20 Typical geometry (HS11) developed using the DEM mode (a) and fathsexved failure mode (b)

Joint Normal | Joint Shear | Joint Friction | Joint Cohesive | Joint Tensile | Joint Dilation
Stiffness Stiffness Angle Strength Strength Angle
[GPa/m] [GPa/m] [°] [kPa] [MPa] [°]

20 10 22 0 0 0

Table 1 Material properties of the dry joints in the DEM model

5 Experimental Procedure, Data and Results

The experimental procedure included assembling the arch, setting the medbanitatations by applying the
Velcrd® loop straps, quasi-statically tilting the platform until collapse and meagherfgights; andl,
corresponding to the known platform lengthsandL; respectively

5.1 Hinge Sets

The experiment examined 25 unique mechanical joint configurations. Tfiguration sets were established
through the use of the first-order assessment strategy developed hya&taeid Milani (2018a). THb
configurations are listed in Table 2.

Hinge Set | H1 | H2 | Hs Hs | Hinge Set | Hi1 | H2 | Hz | Ha
1 | B | hr | Je 16 Jo | Jwo | I8 | R
2 | B | hr | s 17 Ja | Jwo | o | s
3 | B | Je | T 18 Ja | Jo | o | s
4 | B | Je | Js 19 Jo | Ju | Je | s
5 | B | Je | I 20 Jo | Ju | Je | e
6 | k| 7 J2 21 JB | Ji2 | ko | ke
7 | b | 7 J3 22 JB | Ju | Fo | s
8 2| b Ji7 J4 23 B | Ju | o | ks
9 2| b Ji7 Js 24 JB | Ju | Jo | ks
10 2| b Jis J6 25 B | Ju | Jo | ke
11 B | Jo | hs | e | Note: Refer to Fig20 for identifying
12 k| Jo | hs | Js | jointlocation.

13 B | Jo | J7 J4
14 k| b Ji7 J3
15 bl b Jis J2




Table 2 Hinge joint configurations for each tested hinge set

5.2 Collapse and Measurement

For each mechanical joint configuration set, a minimum of three collapsesxeengted. Each collapse was
performed through the manual rotation of the platform throudtireglichain with a reverse locking hand crank (see
Fig. 21). The chain was raised until the arch collapsed and at a rate that maenigused-static acceleration state.
At the point of collapse the crank was locked and the heightedl, were recorded. The platform was then
lowered, and the system was reassembled. Each collapse was also reitbrdedannon DSLR camera.

Fig. 21 Mechanical collapse and the associated measurement lengths

5.3 Data

The platform lengths 1and L, are 0.6110+0.0005 m and 0.7880+0.0005 m respectivelgdebrcollapse, the
heights and observed failure methods were recorded. The recordes aatlobservations are presented in Table
B1 of Appendix B.

5.4 Results

The calculated rotation angles were obtained by first averaging the ratio ofghetheplatform length
measurements for each run of a hinge set and then applgingstiit to Eqn. 13. The average and standard
deviation of the rotation angle was then calculated for each hinge set. Tsigreme@nt error was manually
propagated due to the simplicity of the performed calculations and variaédtly, the propagated measurement
error was compared against the standard deviation of the averaged rotatisii@egtablish the precision and
identify its source. This evaluation revealed that the variance in the nogatties controlled for all cases except
hinge sets 20 and 21. Nonetheless, a minimum of two-digiteeofgion was obtained for all evaluated sets.

The collapse rotation angles from the experimentation, the LA model amEk analysis are presented in Fig. 22.

The hinge sets are represented in a decision tree format wathtihe base. From Fig. 22 it can be seen that the

capacity of the experimental arch can increase fronPtheQ L PXP PHFKDQLVP{V f URWDWLRQ FD:S
maximum capacity of 30.3°. Therefore, reinforcing the arch witexaifal hinge reinforcement technique as shown

in Fig. 23 will increase the capacity of the arch by a factor ofAls® note that dominating factor controlling the

capacity of the arch is the position of With the position of Whaving a secondary effect. Additionally, both the

LA model and DEM analysis captured the behaviour of the experimentatibtihe LA model overestimated

capacity on all counts and the DEM model for the upper three positidhs of
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Fig. 22 Experimental, LA and DEM obtained collapse rotation angles versus hinge sets.
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Fig. 23 Flexural hinge reinforcement layout to obtain the maximum capacity ofdtelthinge sets.

The results of the analyses indicate that although the behaviour was caghiere@xists some fundamental errors

in the models that are resulting in significant overestimates when evaluated tgasmgerimentation. To address
this issue an examination of the recorded collapses was performed.

5.5 Experimental Observations

In addition to the length measurements taken for each collapse, astdeding was made. Review of tees
recordings revealed two non-ideal conditions in the experimentatian,. thie Type Il mechanism was clearly
identified for all collapses with Hset at J(see Fig. 23). Slip at+tid occur in previous collapses, but it was
inconsistent and attributed to the non-perfect geometry and the 2D simplifidsdiditionally, base deformations

developed through reinforced hinge rotations were observablevaed H was higher thanss can also be seen
in Fig. 24.



[iinge Set17]

Fig. 24 Image of theType Il mechanism and observable base deformation

6 Post-Processing and Validation

From the experimental results it is clear that a capacity adjustment is requirecttaaourately match the models
to the experimentation. Additionally, the Type Il mechanism must be asglsess

6.1 Capacity Adjustment Equation

For all three conditions seen in Fig. 22, the dominance of capacigaidy controlled by the position of;HThis
dominance coupled with the observed base deformations requires a ifurdstigation of the relationship between
the two models and the experimental results. Therefore, the ratio betweemexparand modelled results for
each hinge set were taken. These ratios were then averaged for figeditibns. Figure 25 shows the plot of these
averaged ratios against the pbsition for both the LA and DEM models. From Fig. 25 it is apparent thed th a
strong linearity between capacity ratios and hing§ M O R F D W L Rh(3 linBatyle&ablishes a simple matho
to adjust capacity. The capacity adjustment equation for the LA nsdel i

%o.L Fraxru® ZE rays (14)
and the capacity adjustment equation for the DEM analysis is

%, 5.4 Fra{z{® *E ssvt (15)
Note that H equal to dis not included in Fig. 25 because no reinforced base joints exisigarondition.

Average Capacity Ratios vs Hinge 1 Joint Locations
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Fig. 25 Ratio of the averaged experimental and theoretical collapse angles vejsim ldcation with linear fits



Considering the strong linearity in Fig. 25, the two observed casesiafions from the ideal (ie. Slip atdnd
base deformation) and the fact that the slip condition was not present fdtaglses, it is postulated that this
strength reduction relationship is driven by non-infinite hinge stiffoéfise Velcro® reinforcement at the base
The linear fits thus produce capacity compensation equations that aiedustid can be applied to the models.
Figure 26 shows the updated results with the capacity compensation esjaatitiad.

Collapse Rotation Angles for the 25 Evaluated Hinge Sets
with Applied C ity C: i i

Il DEM w/ Capacity Compensation
30 || [0 Experimental

| |[___|LA wi Capacity Compensation
Z datal

4 22 23 24 25 26 22 3 24 25 26 2 23

3 s * A 17 o AT 17
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Uy — J J, — . g —
1 1

I 1

J

1 2 " 3

Hinge Sets
Fig. 26 Experimental, LA and DEM obtained collapse rotation angles versus hingeitbetiserncapacity
compensation equations £and Gem applied to the models respectively.

From Figs. 25 and 26, it becomes clear that the observed base deformatiimete the capacity of the system, but
by evaluating a family of mechanisms that exist for the arch, théreggcompensation can be achieved through the
evaluation of mechanical sets with the saméodations. Additionally, the identification of the error and the
validation of the results indicate that an improved hinge reinforcement sygiemas FRPs or TRMs, has the
potential to increase the capacity of the arch up to a factor of 3.2 timdgiitsum with the reinforcement applied

as shown in Fig. 23

6.2 Type Il Mechanism and the Friction Angle

Although the base deformations dominated capacity and the discreawegb the models and experimental
results, the observation of the Type Il mechanism must be addresgeidcilsion of slip at Hmeans that the
static friction was exceeded. Therefore, a friction value must be obtaine8tdio a friction value, the standard
equilibrium equation set was adjusted such that a momentrapltaced the collapse multiplier in the reaction
vectorr and the collapse multiplier was incorporated into the constants vpdpplying this modified equation
set to the hinge sets and collapse values associated wathiiand utilizing Egns. 5 throlgZ produce a resulting
friction angle associated with the collapse condition. Averaging these calculated fingles produced a value of
17.6° = 3°. The accepted friction angles for wood-wood contact are betweandl27° and thus the calculated
value falls within the accepted range.

6.3 Adaptation of LA Model

The capacity compensation equation and Type Il mechanism check wagmnated into the custom KCLC
designed for the experiment. Evaluation of the hinge sets revealed thdieniticltision of the Type Il mechanism
and the calculated friction angle of 17.6° produced only admissible casésdmeater thansJ Figure 27 shows the
KCLC evaluation for hinge set 20 (see Table 2). From Fig. 27, it caadyethat the difference between the Type I
mechanism and the Type | with the applied capacity compensation egadiBh. In fact, for all five hinge sets
with a H; equal to Jthe maximum difference between the two collapse angles is 1°. Conggaienequivalent
capacities of the Type Il and capacity compensation faxddial to Jcoupled with the calculated friction angle
within the range accepted for wood-wood interaction provides a s@liddtion of the LA approach and the
inclusion of additional mechanism types.
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Fig. 27 Adapted KCLC for the experimental arch with the (a) standard evaluatiofi)tapplication of the capacity

compensation equation and (a) the application of the Type Il mecharéduation



7  Limiting Condition

From Section 3 of this work it was demonstrated that non-ideal conditiof®daoorporated into the LA model
used to construct the KCLC and that additional mechanism types can exisarii@@rinciples used to establish the
LA model for the observed Type Il mechanism were then employestablish Types Il through VII. Now the
consideratiorof the limiting condition analysis for a given arch-hinge set must begocated into the analysis
platform.

The limiting conditions evaluation considers all the selected mechanissayl identifies the limiting condition.
Deselecting the minimum condition then switches the KCLC to the nekiomimand so on. In this way, all of the
admissible mechanisms can be considered for a given arch-hinge set dirgsoetter. This process is highlighted
in Fig. 28. Note that in Fig28, which reflects the generalized conditions of the experimental arch, the Type VIl
mechanism is the limiting condition, but it was not observed in the expeatation. The reason for this discrepancy
is that the intermediate hinges; &hd H, develop before collapse and thus define Type VII as non-admissible
before its capacity is reached (see F§). This is most likely due to a combination of geometric irregularities and
the observed base deformation, but it does indicate the potential for the applicatiofocdemiant to produce a
weaker arch.



Kinematic Collapse Load Calculator: Circular Arches
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Fig. 28 Limit condition evaluation of generalized arch similar to the experimentdittmms with (a) Type VII
controlling, followed by (b) Type IV, (c) Type Il and lastly (dyde I.



Hinge Set: 17

Fig. 29 Thre-hinged stable state rendering Type lll and Type VII mechaaismsn-admissible

Also seen in Fig28is that the Type Il and Type Il mechanism have generally tine sapacities for the specific
condition, but only the Type Il mechanism was observed experimenitaiks again is most likely the consequence
of the geometric irregularities and the observed base deformation which iretudtpre-failure hinge formations.
The inclusion of additional mechanism types thus presents the landseaaduations to consider, but it does not
remove the need for sound engineering judgment when appliégsal systems.

7.1 Generic Arches

Utilizing the data extraction technique developed by Stockdale and Milani (2018K) ki@ can also be extended
beyond the circular. Figures 30 and 31 show the limiting conditioreseguapplied to a tapered arch after the
friction angle was determined for the Type Il mechanism and givee lsiety

Figure 32 shows another example where the limiting condition sequesgglisd to a lancet arch. This limiting
sequence is notable in the small variances in all the admissible mechanivatanges | and VII have equivalent
capacities. Between the various arches considered, both the versatility ofriteech@nd the importance of
extending the evaluation beyond the standard four hinge mecharodseived.



Kinematic Collapse Load Calculator: Custom Arch
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Fig. 30 Limiting condition sequence steps (a) 1, (b) 2 and (c) 3 for bldaurvature arch



Kinematic Collapse Load Calculator: Custom Arch
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Fig. 31 Limiting condition sequence steps (a) 4, (b) 5 and (c) the non-dbhaiesd for a double curvature arch
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8 Capacity Compensation for Non-Stable Admissible Mechanisms

Figure 23 shows the identified unstable zones and minimum flexura heéngforcement required to obtain the
maximum measured capacity of the tested hinge configurafitlesminimum reinforcement reveals the
transformation of the kinematic system from the minimum condifiorbetter understand the minimum
application, further consideration must be given to the relationship betwearcthand the thrust line.

Stability is defined through the existence of a trust line that lies entirely whthimaterial boundaries of the arch,
whereas kinematic admissibility considers establishing the condition of mdtiercondition of motion itself only
places boundary conditions on the thrust line at the mechanical jointallBlis the thrust line in its traditional
consideration to exist outside the material boundaries of the arch. The thrustideeehis a physical phenomenon
as observed through the hanging chain and its existence outside the roatkearch is prohibited. Therefore, the
line of thrust for a kinematically admissible non-stable configuratiost ine adjusted to lie entirely within the
material boundary.

To achieve this thrust line adjustment, Eqn. 5 is utilized at each joimtkvhere the thrust line lies outside the
material boundary. This thrust line adjustment thus introduces a joint lvaseeint capacity requirement necessary
to obtain the non-stable admissible mechanism. This joint based moment requicamthen be achieved through
the application of a flexural hinge reinforcement technique. If a tensile reinfentésrapplied to the external
surface of the arch, then the required tensile capdgitf, the reinforcement can be determined by;

6L / y®P (16)
for the i" joint with thicknessg. Thus, the minimum reinforcement configuration and capacity casthblished.

This capacity compensation strategy was implemented into the KCLQthtbe thrust line adjustment and
identifying markers for joints where the traditional thrust line lies outsidmiadary as can be seen in Fig. 33 for
the tensile compensation condition. A thrust line tracker was also created totlobtairces at each joint, including
any required capacity compensation. In this manner the optimizatieméifncement can be determined.



Fig. 33 Capacity compensation for a lancet arch and defined hinge combinatioca (&jtistable and (b) non-stable
joint under tensile compensation

Finally, the concept of the limiting condition combined with the capacity cosgtion through thrust line
adjustments further reveals the potential to reduce an arches capacitgififorcing the arch. Figure 34 shows the
comparison of the Type VIl and Type | mechanisms for the tapecadnom this figure the importance of the
reinforcement strategy is clear.



Fig. 34 Comparison of the capacity compensation required for the (a) Tymn¥l{b) Type | mechanisms for a
tapered arch with the given hinge configuration

9 Conclusions

Seismic assessment and the retrofitting of masonry arches is critical and effedtteficient static assessment
strategies must be employed. Constant horizontal accelerations provide a sugthlole to establish static seismic
assessments and the tilting plane test is a cheap and effective strategyritoemplly impose them. Additionally,
the common flexural hinge reinforcement strategies focus on the full tranagfon from stability to strength for the
masonry arch. This results in an incomplete understanding of the stabditgngth transformation process. The
diversity of materials and ages of masonry also complicates the predictabdligystem when fully transformed.

The analysis of unreinforced masonry arches has focused omihéterthe limiting mechanism, but that is
changing. The ability to control the mechanism now exists and thdicigigap between mechanization and
material strength provides the potential to define and design failure. This exparidsus from the minimum
problem to the assessment of admissible mechani@mesKCLC and its fundamental structurezédeen



developed directly from the structure of statics, but instead of examimrexistence of equilibrium in a stable
state, it examines equilibrium of a mechanical state at rest. The simplicity and efficig¢heyanalysis method is
clear, but it must adapt and grow beyond the ideal conditions. The ab#ixgtoite a tilting plane analysis must
exist to link experimentation and analysis, and the inclusion of machsuthat arise with the removal of the no-slip
condition must be evaluated.

Themechanism and tilting plane adaptations to the KCLC and the LA medlelfisst presented. These adaptations
included gravity decomposition and six additional mechanism typesfamily of mechanism types was derived
from the experimental observation of a well-defined slip-hinge combintdilume. After presenting the adaptations,
the experimental campaign driving them was presented in detail and includednaizet§CLC model and a

DEM analysis as well. The initial results showed a significant discrepancy ingheitoes of the models and
experiment, buthte base deformation error was identified, and the models were adjustegtltuapacity
compensation equations. After this adjustment, the observed Type lanmthwas addressed and a friction value
consistent with a wood-wood interface was obtained. This Type Ilanesh with the calculated friction angle and
the capacity compensation equation were then applied to the custom KCL&halyss then revealed a tool that
matched the capacity and behaviour of the experimental collapse conditidhaatite capacity of the Type II
mechanism and the reduced capacity from the base deformations iraétheconset of the observed Type Il
mechanism dominancehelimiting condition evaluation of the full set of mechanism types was tisensked and
revealed how the imperfections of an arch play a role in defining titehnmechanism. Lastly, a capacity
compensation strategy was employed that arose from non-stable kinematicaibsible mechanisms and the
traditional consideration of the thrust line. This capacity compensation theéuges the ability to optimize the
application of flexural hinge reinforcement and further highlighésneed for sound engineering judgment.

Whether designing a new arch or assessing an existing one, thepgeM€OLC presented in this work provides a
platform for practitioners to easily and efficiently asses an arches seismittycapdadevelop reinforcement
strategies based upon mechanizations. The behaviour of masonry aehestdall into the simple nature of linear
elasticity and KCLC provides the platform to circumvent this hurdle. Theadtprovides the structural analysis
information from which engineering judgement can be applied.

The development of the KCLC and supporting LA model must continue o gind expand. The seven
mechanisms are only a fraction of the full set that exists with the iocloéslip. While they may be rare, they
cannot not be ignored. The loading conditions need to expand, potentialdasfit be addressed and more
experimental testing is necessary. Additionally, while the base deformatiomédertified and corrected for
validation, the consequence of a finite hinge reinforcement stiffness teebd accounted for and directly
incorporated into the model. Then the expansion to three-dimensionsgian b
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Appendix A £Equilibrium Equations

A.1  Notation List

[BCG] +Balance matrix for mechanism Type |
fg  *Gravitational force of element i
ha  xHorizontal reaction force for hinge point a
Ma xReaction moment for slip joint a
{q} =*Constants vector for mechanism Type j
{r} xReaction vector for mechanism Type j
Va +Vertical reaction force at hinge point a

.a  *Angle relationship between the reaction vector, block boundary lineriatidrf angle for slip
joint a (see Sections 2.3 and 2.4)

0fp zHorizontal difference between hinge points a and b
Ofwip *+RUL]JRQWDO GLVWDQFH EHWZHHQ HOHPHQW LYV FHQW
0)\p zVertical difference between hinge points b and a
Otmp 9HUWLFDO GLIIHUHQFH EHWZHHQ HOHPHQW LYV FHQWH
a xCollapse multiplier for constant horizontal acceleration

¢ Tilting plane rotation angle

A.2  Type | Mechanism £Horizontal Acceleration
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A.3 Type | Mechanism tHorizontal Acceleration & Gravity Decomposition
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A.5 Type Il Mechanism tHorizontal Acceleration
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A.6  Type IV Mechanism tHorizontal Acceleration
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A.7 Type V Mechanism tHorizontal Acceleration
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A.9 Type VII Mechanism tHorizontal Acceleration
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Appendix B

+Recorded Data

Table B1 Recorded experimental data

Platform Measurements | _precision *M - MACHANISM
Lfmm] [2[mm] [ +- 05 mm S-SLIP
611 | 788 | R - ROTATION
COLLAPSE DATA
Run Hinge |1 2 Failure type Run Hingell 2 Failure type Run Hingell 2 Failure type
Set [mm]| [mm] | * notes: Set  [mm] [mm] * notes: Set  [mm] [mm] * notes:
ALLIGNMENT LITTLE SMALL S AT H1 THEN
1 1 172 222 M 29 8 233 302 M OFF AT H1 57 17 3154075 SM M
S AT H1 M BEGINS AT
2 1 190 2475 M 30 8 2435 312 M 58 17 307 398 SM 1/2 BLOCK THICKNESS
SMALL S AT H1 THEN
3 1 187 245 MS  SMALL S AT H1 31 8 228 295 M 59 18 301 392 SM M
GOOD M AND DOT S AT H1 M BEGINS AT
4 1 188 245.5 M 32 9 2385 309.5 M ALLIGNMENT 60 18 314 416 SM  1/2 BLOCK THICKNESS
S AT H1 M BEGINS AT
11 1 187 245 M 33 9 2375 309 M 61 18 275 355 SM  1/2 BLOCK THICKNESS
ALLIGNMENT LITTLE S AT H1 M BEGINS AT
5 2 187 245 M 34 9 235 3055 M OFF AT H1 AND H3 62 19 2963835 SM  1/2 BLOCK THICKNESS
ALLIGNMENT OFF AT S AT H1 M BEGINS AT
6 2 194 248 M 35 10 222.5 289 M H1 63 19 300 388.5 SM 1/2 BLOCK THICKNESS
ALLIGNMENT OFF AT S AT H1 M BEGINS AT
7 2 174 227 MS  SMALL S AT H1 3 10 228 296 M H1 AND H2 64 19 273 355 SM _ 1/2 BLOCK THICKNESS
S AT H1 M BEGINS AT
HALF BLOCK S AT H1 M BEGINS AT
8 2 195 254 M 37 10 225.5 293 SM THICKNESS 65 20 280 363.5 SM 1/2 BLOCK THICKNESS
S AT H1 M BEGINS AT
9 2 174.5 227 M 38 11 248 322 M 66 20 279 363 SM 1/2 BLOCK THICKNESS
SMALL S AND R AT H1 S AT H1 M BEGINS AT
10 2 189 246 MS  MODERATE S AT H1 39 11 271 351 MRS THENM 67 20 282 3655 SM  1/2 BLOCK THICKNESS
SMALL S AT H1 FROM SOME ROTATIONS AT
12 3 190 247 MS  MODERATE S AT H1 40 11 233 303 MS _ FIXED SECTION 68 21 3215 417 M J=1 RESTRAINED
SMALL SLIP/SHIFT AT SOME ROTATIONS AT
13 3 191 248 MS  MODERATE S AT H1 41 12 256 334 MS H1 69 21 322 418 M J=1 RESTRAINED
SOME ROTATIONS AT
14 3 184 2395 M 42 12 259 336 M 70 21 323 419 M J=1 RESTRAINED
SMALL STATIC TWIST
15 3 183 238 M 43 12 275 3555 M AT H3 AT START 71 22 339.5 439 M LESS ROT AT J=1
16 4 178.5 232.5 M 44 13 264 341.5 MS VERYSMALLSATH1 | 72 22 314 406 M LESS ROT AT J=1
17 4 203 295 MS  SMALL S AT H1 45 13 275 356 MS VERYSMALLSATH1 | 73 22 313 404 M LESS ROT AT J=2
18 4 174 227 MSM  MECH-SLIP-MECH 46 13 275 356 SM  SMALLSATHITHEN M| 74 23 3245 423 M LESS ROT AT J=2
19 4 181 2355 M 47 14 281 364 SM  SMALLSATHITHENM| 75 23 351 454 M LESS ROT AT J=2
20 5 187 244 MS VERY SMALL S AT H1 48 14 281 364 SM SMALL S AT H1 THEN M| 76 23 3435 442 M LESS ROT AT J=2
21 5 177 230 M 49 14 2855 369 SM_ SMALLSATHITHENM| 77 24 336.5 4355 M LESS ROT AT J=1
SOME ROTATIONS AT
22 5 182 2385 MSM  MECH-SLIP-MECH 50 15 292 3775 SM  SMALLSATHLITHENM| 78 24 3265 4225 M J=1 RESTRAINED
SOME ROTATIONS AT
23 6 230 298.5 M 51 15 283 3665 SM SMALLSATHLITHENM| 79 24 339 439 M J=1 RESTRAINED
H4 SLIDE-ROTATE, H1
SMALL OUT OF PLANE SLIDE-ROTATE SOME
24 6 246 320 MR  ROTATION 52 15 279 362 SM_ SMALLSATHITHENM|[ 80 25 364 469 MSR TWIST
H4 SLIDE-ROTATE, H1
SLIDE-ROTATE SOME
25 6 243 3135 M GOOD M 53 16 346 447 MS VERYSMALLSATH1 | 81 25 343 445 MSR TWIST
H4 SLIDE-ROTATE, H1
SLIDE-ROTATE SOME
26 7 228 295 M 54 16 337 436.5 MS VERY SMALL S AT H1 82 25 363 468.5 MSR TWIST
27 7 243 3135 M 55 16 337 435 MS VERY SMALL S AT H1
28 7 237 307.5 M 56 17 315.5 409 SM SMALL S AT H1 THEN M
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