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Dynamic response of out-of-plane loaded one-way spanniRigl U
walls connected to flexible diaphragms

H. Derakhshatt, M. C. Griffith!, and J. M. Ingharh

1School of Civil, Environmental, and Mining EngineeringeTbniversity of Adelaide, SA 5005, Australia
2Department of Civil and Environmental Engineering, Thewnsity of Auckland, Auckland 1010, New Zealand

SUMMARY

A simplified numerical model was used to investigate theaftitane seismic behaviour of unreinforced
masonry (URM) walls. The URM walls were assumed to spancadhiyi between two flexible diaphragms
and to have developed a horizontal crack above the wall migHh. Three degrees of freedom were used
to accommodate the wall displacement at the crack heightatite diaphragm connections, and the wall
dynamic stability when subjected to different ground motiecords was studied. The equations of dynamic
motion were obtained using principles of rocking mechawoicsgid bodies and the formulae were next
modified to include semi-rigid wall behaviour. A paramestady was conducted that included calculation
of the wall response for different values of diaphragm iséiffs, wall properties, and earthquake ground
motions. The results of the study suggest that stiffenirgy lthrizontal diaphragms of typical low-rise
URM buildings will amplify the acceleration demand imposenl the wall and especially on the wall-
diaphragm connections. This retrofit measure is very likelymprove wall stability but there are certain
combinations of wall, diaphragm, and ground motion recdrdracteristics that result in reduced stability
for walls connected to stiffened timber diaphragms. It wasnfl that higher storey walls connected to
two horizontal diaphragms had reduced stability for agpbkarthquake accelerograms having dominant
frequency content that was comparable to the frequencyeofliiphragms. It was also found that there
was no clear relationship between wall stability and wadhsglerness ratio, which is a relationship that is
commonly assumed in the evaluation of the out-of-plane mhjoatability of URM walls. Based on these
findings, further study aiming at the development of seismsgessment guidelines for out-of-plane loaded
URM walls was suggested. Copyrigigi —- John Wiley & Sons, Ltd.

Received ...
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1. INTRODUCTION

Out-of-plane loaded vertically spanning URM walls remaitabte for small out-of-plane
displacements following wall crackind.[2, 3, 4, 5, 6, 7], and a study of this stability is necessary
when conducting an effective wall seismic assessn@nSupport flexibility influences the seismic
demand imposed on the out-of-plane loaded wal]9[ 10], but most published research works
address wall response assuming rigid supp@été,[5, 11, 12].

Several case studie$(, 13, 14] have suggested that higher mode effects due to the rdiative
long period of flexible diaphragms in URM buildings are dantal to the seismic stability of
out-of-plane loaded walls. It is therefore commonly coesédl beneficial to strengthen and stiffen
existing timber diaphragms to improve expected earthquegeonse. Conversely, shake table test
observationsq] have suggested that for some particular test conditioakls\wwonnected to less stiff
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2 H. DERAKHSHAN, M. C. GRIFFITH, AND J. M. INGHAM

diaphragms were more stable than walls connected to stiffgrthragms, perhaps akin to a base
isolation effect.

The purpose of the study reported herein was to investigatedynamic stability of URM
walls including the effects of diaphragm flexibility. Diagggm flexibility is shown to result in
the wall exhibiting several rocking patterns in additionttmse relevant for the case of walls
connected to rigid supports. It is further shown that wallsreected to flexible diaphragms are
associated with a reduced out-of-plane rotation capachgnvcompared to the case of walls
connected to rigid diaphragms. To evaluate the wall stgbfbrmula are derived to calculate the
wall capacity, a procedure is proposed to calculate the digfilacement demand, and examples of
wall stability assessment are provided. The displacememiathd imposed on the wall is calculated
by considering the post-cracking semi-rigid motion of wedlgments utilising an improved wall
behavioural modell[5] calibrated by laboratoryle] and in-situ [L7] tests.

2. WALL MODEL

Fig. la shows a rigid block model of an URM wall, and Fids to 1e show the deformed wall
shapes. The translational springs represent the in-ptiffreess of the horizontal diaphragms, and
three degrees of freedom (DOF) accommodate the transkatidnotation of the wall segment (
62, andu, in Fig. 1bto 1€).

ma
as ®
Crack |
o2} 02
b
(b) Pattern 11
m Y
al { 1 :
kdb mdp i i
o1 ® o1
(a) Rigid-body wall model £y 2y

(d) Pattern 21 (e) Pattern 22

Figure 1. Rigid-body wall model

The governing equation of dynamic motion for each pattelmwshin Fig 1 is derived using
Lagrange’s method, and the equations can be shown in tlosvialy simple forms:
Patterns 11 and 12:
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DYNAMIC RESPONSE OF OUT-OF-PLANE LOADED ONE-WAY SPANNINGRM WALLS 3
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Patterns 21 and 22:
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miay + maay imaoas + maias my +ma + map + ma
—(3m1 + ma + mar)arg + adka kazaraz karay 01
+ kataiaz —(§m2 4+ mat)azg + a3kar  karas 62
kasay kasaz kas +kap | | up

—(%ml + mo + map)a1Z,(t)
= 7(%7)’12 + mdt)agjég(t)
—(ma + ma + map + mar)Z4(¢)

2)
where,
kap andkg, = effective stiffness of the bottom and top diaphragms retigady;
my, Mo = effective masses of the lower and upper wall segments casely;
mgap andmg; = effective mass of the bottom and top diaphragms respégtive

I, = rotational inertia of the lower wall segment about pointdd O’y ;

I, = rotational inertia of the upper wall segment about poipo®O’;;

I = v+al

ra® = 0.250% +a3; and

Zq(t) = horizontal acceleration component of ground motion.

3. STIFFNESS MATRIX

The stiffness matrices in Eqsand2 are the same and can be re-written in the following form:

K=Kp +Kg (3)
where
alka  kaaras  kaar
Kp = |kataraz  a3ka karas 4)
karay kataz  kap + kat
and
—(3m1 4+ ma + mar)arg 0 0
Kg = 0 7(%7)’12 -+ mdt)agg 0 (5)
0 0 0
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4 H. DERAKHSHAN, M. C. GRIFFITH, AND J. M. INGHAM

The Kp component of the stiffness matrix includes the stiffnesspprties of the timber
diaphragms, an®& ¢ accounts for the negative geometrical stiffness. It wilshewn later herein
that each of the non-zero elementdig; constitutes the bilinear rigid stiffness associated whith t
restoring effects of the gravitational forces in one wagjreent.

3.1. Wall semi-rigid behaviour

Researchd, 3, 7] has shown that the real moment-rotation relationship atked URM walls is
different to the bilinear model due to finite masonry stréngtilinear behavioural data has instead
been suggeste@[15], with Fig. 2 detailing a proposed model] that is used in this research.

.............. Bilinear

----- Trilinear

—— Real

Mi = 0-9Mmaz
= 0.009PM R.Mpyp

Overturning moment

61 = 0.046¢ 02 = (1 — 0.009P M R)6y o
Rotation

Figure 2. Wall out-of-plane post-cracking behaviour

To construct a trilinear model, the Percentage of MaximugidiResistancelf M R), defined as
the ratio of the maximum lateral strength achievable by BW&M wall, M., to the bilinear rigid
strength M, is calculated. This ratio is always less than unity due édithite masonry compressive
strength, which reduces the lever arm of the restoring foasethe wall is subject to out-of-plane
rotation [3, 15]. The restoring forces comprise the weight of the wall areldpplied overburden,
and a reduction in restoring moment results in a reducedrational stiffness. Although refined
formula are available inlf5], PM R = 75% could be considered as a conservative lower bound
for clay brick URM walls located in single-storey or two-stg buildings. The bilinear datay,
and the instability displacemer#iy, are calculated by studying the free-body diagram of the wal
segments as detailed in Figand Tablel. Other trilinear defining parameter/;, 6,, andd, are
next calculated as detailed in Figj.with the 0.009 coefficient being associated with an integhre
of 75 for PMR.

Fig. 3 shows a generic URM wall segment and its displaced shapéfee tcases of applied
overburden, sufficient to represent both the upper and levedirsegments in Figl. Considering
the equilibrium of the free bodies in Fi@, one can obtain the rigid bilinear moment-rotation
relationships by equating the overturning and the reggonmoments about the rotation pivot at
the wall segment base. In conducting these calculatioesmtbment arms denoted laly to dy
have algebraic values and can be negative, zero, or positypending on the magnitude &fThe
maximum wall moment resistance and instability rotation naxt be calculated by substituting,
respectively, the lateral displacement and the applied embwith zero. Tablé summarises the
bilinear parameters for each case, and the following defimfias been used in Tahle

0]
=1 (6)

whereO andW are generic terms and represent the applied overburderhanaeight of the
wall segment under study.

Copyright@© —- John Wiley & Sons, Ltd. Earthquake Engng Struct. DyG—-)
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DYNAMIC RESPONSE OF OUT-OF-PLANE LOADED ONE-WAY SPANNINGRM WALLS 5
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(a) Wall segment (b) Case 1 (c) Case 2 (d) Case 3
Figure 3. Displaced shape of wall segment
Table I. Generic and individual segment bilinear data
1) (2) 3) 4 (5)
Wall Maximum moment Instability rotation Negative stifse
segment M, 6o Ky = —Ig—{)ﬂ
. t 1
Case1l Generic V(14 4) t 1+ —Wh(0.5 4 1)
(Upper) 2h 0.5+
Specific  (2ms + Lmar)bg b _me ¥ mar — (L + mar)asg
2 27t 2a9 0.5mo + mas 2 ¢
. t
Case2 Generic Y (1+2¢) ~ ~Wh(0.5 + )
(Lower) - ]g
Specific (%ml + mg + maz)bg - —(%ml + ma + mat)arg
1
. t 1
Case 3 Generic 1418 —_ —Wh(0.5+ 1
(Lower) 2 2h 0.5+ 9 ( )
Specific Lmibg — 1 —(LEmy +mo +ma)arg
2 2a;1 0.5mq + ma + Mmay 2

The stiffness properties listed in the last column of Taldee identical to the non-zero diagonals
in Kg (EQ.5). By using the trilinear representation shown in Figone can account for semi-rigid
behaviour in the wall response calculations. The equatidémsotion (Egs.1 and?2) will therefore
have the stiffness matriKg in the form of a split function representing the trilineamhbeiour
detailed in Fig2. In this study, a MATLAB code was prepared to integrate thelinear equations.

3.2. Rotation capacity

It can be found from the expressions in column 4 of Talikat the instability rotation is always less
for Case 3 than that for Case 2, where Case 2 represents teev@lN segment in either of Patterns
11 or 12 (Figslbandlc) and case 3 represents the lower wall segment in either térRat21 or
22 (Figs.1dandle). Combinations of wall thicknesses between 110 mm and 350wathheights
between 3000 mm and 5000 mm, and a top diaphragm seismic wmgheen 0.75 kPa and 2.10
kPa were considered in a parametric study, and the range ddtio of the instability rotation (Case
3 to Case 2) was found to be between approximately 0.10 aid Divese low ratios signify that in
a wall connected to a flexible diaphragm, triggering of Ratd.1 or 12 may result in wall collapse
for comparatively low levels of lateral acceleration.

Earthquake Engng Struct. DyG—-)
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6 H. DERAKHSHAN, M. C. GRIFFITH, AND J. M. INGHAM

3.3. Wall and diaphragm effective mass and stiffness ptigser

As mentioned previously wall mass, diaphragm mass, anchtpéaine stiffness of the diaphragms
shown in Fig.la are effective quantities that must be calculated usingcjpies of structural
dynamics. Assuming that each flexible diaphragm is spanbeigeen relatively rigid in-plane
loaded masonry walls and that its response is shear-domaifief] and considering the first mode
of deformation, each diaphragm can be represented by aajiseelr SDOF systemlp] and their
effective massesng, andmy,, calculated. Similarly, the wall effective mass; or mo, can be
calculated with approximations considering that the wallodmation follows that of the timber
diaphragm. It is noted that this procedure ignores the twg-effects of the wall and results in
overestimation of the wall effective mass. This simplificats however justified given the complex
nature of the response and the absense of more accurateGaliciylations 15] have shown that:

m; = 18_5mn0'minal,i (7)

where index is either 1,2p, ord in Egs.1 and2 and index “nominal” refers to actual mass of the
respective structural element. For two out-of-plane loladalls each connected to opposite ends
of a flexible timber diaphragm, the nominal wall mass is eqaahe combined mass of the two
out-of-plane loaded walls.

The diaphragm stiffness corresponds to the first mode ofrtiane deformation and can be
calculated using procedures such as that giveinZ1], and to obtain the effective geometrical
stiffness of the wallK g, the wall mass in Ecp is replaced by its effective mass from Eq.

4. INTEGRATION OF THE WALL RESPONSE

The wall rocking pattern may change from one to another dutffie earthquake excitations, and
the wall response includes impact between the wall segnoeristween a wall segment and the
ground. The wall response between any two impacts is goddaya particular equation of motion
(Egs.1 and2) and can be integrated separately. At each instance of intipacocking pattern for
the subsequent interval and the appropriate initial caontitshould be re-evaluated by investigating
the kinematics of impact.

Previous studies?P, 23] proposed similar procedures suitable for free-standigigl 12-block
assemblies subject to ground motion, where at the begirwiirige wall response the threshold
overturning moments, i.6, in Fig. 2, are calculated separately for each block and compared with
the applied moment. The initial rocking pattern is next detaed by comparing the ratio of the
applied moment to the threshold moment for all the block#olring each impact, the conservation
of momentum is used to determine the coefficient of restittfCOR), and this coefficient is in turn
used to calculate the initial conditions following the inaspand the corresponding rocking pattern.
These studies suggested that eight rocking patterns wesent, four of them being similar to those
shown in Fig.1. The other four rocking patterns involved the rocking of tbe block only or the
rocking of the two blocks with the same angle of rotation.

The inclusion of the trilinear (semi-rigid) wall behavialimodel (Fig.2) in the current study
implies that the wall segments undergo rocking with thehséigt lateral acceleration and therefore
there is no threshold moment that must be satisfied. The @rcdwf the threshold overturning
moment has reduced the rocking patterns to those shown inLFithe use of the conservation
of angular momentum to calculate the coefficient of restituin the current study is fraught with
difficulty due to multiple reasons. One problem is that thagple is only valid when the bodies
are in fact rigid and the impact between them is instantasudbe finite strength and non-rigid
nature of the masonry walls have been described by the usidiredar wall behavioural models in
this research, with the models conveying the meaning theainipact between the wall segments
cannot be assumed as instantanuous. The other problent, igritike the previous studieg?, 23],
the wall segments in this research are connected to a fledibfghragm, which complicates the
calculation of the angular momentum before and after theohpt was considered appropriate for

Copyright@© —- John Wiley & Sons, Ltd. Earthquake Engng Struct. DyG—-)
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DYNAMIC RESPONSE OF OUT-OF-PLANE LOADED ONE-WAY SPANNINGRM WALLS 7

the purpose of this research to calibrate the appropriate Gue range based on available shake
table test data.

An event-based time integration procedure was developid) MATLAB software (ODE45
suite), and the method includes detection of the instanicesgact (events in ODEA45), calculating
initial conditions using an assumed COR value, and identjfithe appropriate rocking pattern
following the flowchart shown in Figd. Multiple solutions are obtained with the only difference
between them being the used COR value, and the calculateidhnaxwall displacement response
that best matches the experimental equivalent is presented

[11]—[22]| & =0 0, =0, |[11]—[21]

Detect an even
|12|<—> 21 |12|(_, 22

Figure 4. Change in the rocking pattern at the defined evemtssided arrows indicate that the changes
occur in both directions

4.1. Damping

The main sources of energy dissipation during the out-afplURM wall rocking response are
widely accepted to be the impact between the rocking walingggs in addition to the masonry
crushing and elastic and plastic deformations within thél.WwResearchers have used various
methods to include energy dissipation in the calculatiowalf response. A conventional approach
based on employing an equivalent viscous damping ratio lees Isuggested i3] 4], and a
special numerical procedure was employgdl[l] for single-degree-of-freedom (SDOF) systems.
An alternative method based on the use of a coefficient oftuésh (COR) has also been used
[5, 22, 23] and it has been noted that this method best describes thiesuehergy dissipation
during each impact.

Additional damping sources should be considered in the nigcaienodelling when the system
under study includes other elements, e.g. flexible diaphsacAs part of the verification study
reported herein, shake table test dépthat included flexible diaphragms that were represented
in the tests as elastic springs have been used. The expé¢ginsandy P] reported that a viscous
damping ratio of either 8% or 12%, depending on the tests,apasopriate to model the energy
dissipation through diaphragm deformation. A viscous dampatio of 12% was therefore used in
addition to a constant COR (by calibration) in the verifiocatstudies reported herein that included
a flexible diaphragm.

5. VALIDATION OF THE MODEL

Experimental results from various shake table singleesttiRM wall tests (Tablé ) conducted by
other researcher§[10, 24] have been used to validate the numerical model.

Table II. Details of walls used for model verification

Crack Wall Dia. stiffness Dia. mass
Wall* Thickness, Length, Height, height mass
Name b l h a—hl m kab kat mqgy  Mdt
(mm) (mm)  (mm) —  (kg) (N/m) (kg)
Wall 12 110 1000 1500 0.5 297 A0%**  1x10°%* O 0
West wall 92 987 1934 0.67 429 x10°** 55x10° 0 780
C9 191 1504 2790 0.48 1739 3940 37x102 655 663

* “Wall 12" refers to wall number used irg], “West wall” is from [10],
and “C9” is the name of a test conducted on wall “FF-2"24][
** Artificially large value of stiffness to represent rigidigport

Copyright@© —- John Wiley & Sons, Ltd. Earthquake Engng Struct. DyG—-)
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8 H. DERAKHSHAN, M. C. GRIFFITH, AND J. M. INGHAM

5.1. Wall characteristic data used in the verification study

Several wall and diaphragm characteristic properties aqeired as input information in the
numerical model that was used to conduct the verificationdie) and these properties were
approximated using, or obtained directly from, the data@néed in 8] and [LO]. The right-hand
side of Egs.1 and 2 and the mass matrices are straightforward to calculatetHauprocedure
presented in]5 was employed to calculated the trilinear wall behaviodeath involved in stiffness
matrices. Tabléll lists a summary of the approximated wall trilinear propesti

Table Ill. Details of walls used for model verification

Wall Segment PMR, My, o, M; 01, 02,
(%) (KN.m)  (rad) (KN.m) (rad)

Upper (Case 1) 72 0.080 0.147 0.052 0.006 0.052
Wall 12  Lower (Case 2) 72* 0.240 0.147 0.157 0.006 0.052
Lower (Case 3)  72* 0.080 0.049 0.052 0.002 0.017

Upper (Case 1)  75** 0.416 0.077 0.281 0.003 0.025
Westwall Lower (Case 2)  75** 0.962 0.071 0.649 0.003 0.023
Lower (Case 3)  75* 0.130 0.010 0.088 0.0001 0.003

Upper (Case 1) 75** 1.473 0.092 0.994 0.004*** 0.030
C9 Lower (Case 2) 75** 3.722 0.144 2512 0.006** 0.047
Lower (Case 3) 75** 0.777 0.030 0.524 0.001*+* 0.010

*from [3] ** from [ 15]
*** this row presents only one example of several PMR valugsuianed

5.2. Verification results

Fig. 5ashows that the calculated response of Wall 12 generallymedteell with the experimental
peak values reported ir8][ although significant difference is observed in low-ampulié cycles.
Using the model in multiple analyses with different valuésC®OR showed that a COR value of
0.78 produced the most accurate results for Wall 12.

Fig. 5b shows that the calculated response of the West W8]lljas a good correlation with the
experimentally recorded values. A COR equal to 0.83 was, usetithe numerical model predicted
the wall instability that occured at about 5.3 sec.

Figs.5cto 5ecompare the calculated and the experimental displacerfenall C9 reported in
[9]. The COR value that produced the best correlation wasiiilshas 0.83, and it was concluded
from the three verification studies that a COR value of betw®&8 and 0.83 gives realistic results.

6. EFFECTS OF DIAPHRAGM FLEXIBILITY

A parametric study was conducted by assuming several l@fetBaphragm in-plane stiffness
for single-storey buildings of various heights and for tbp-storey of multi-storey buildings. A
procedure and the default material properties suggest¢ddpyvere used to calculate the timber
diaphragm stiffness. As a case study, the building plan dgioes of 17.4 m by 29.9 m (similar to
an analysed building reported ia]) were assumed and different configurations of the diaphgg
were considered that included single straight sheathingtooction (D1 and D2 in TabléV),
producing lower bound stiffness properties as (¥ puidelines. As detailed in Tabl&/, three
other cases of diaphragm stiffness were also studied, anespmnding to the stiffness in the long
direction of a double diagonal sheathing diaphragm withrdsdD3). This type of diaphragm
construction is associated with the upper bound of defdiflbass properties of as-built timber
diaphragms suggested bg(. The fourth case that was considered is the stiffness indhg

Copyright@© —- John Wiley & Sons, Ltd. Earthquake Engng Struct. DyG—-)
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DYNAMIC RESPONSE OF OUT-OF-PLANE LOADED ONE-WAY SPANNINGRM WALLS 9
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Figure 5. Numerical calculation vs. the experimentally sugad response of different walls

direction of a single straight sheathing diaphragm (sintitaD2) stiffened using timber overlay
(D4) [25]. Finally, a diaphragm with a relatively large in-planeffsiéss (D5) was also assumed in
the parametric study.

An artificially large stiffness value df;, was assumed for single-storey buildings to account for
the ground connection, and for the case of higher-storeis\la top and the bottom diaphragms
were assumed to have the same stiffness.

Copyright@© —- John Wiley & Sons, Ltd. Earthquake Engng Struct. DyG—-)
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10 H. DERAKHSHAN, M. C. GRIFFITH, AND J. M. INGHAM

Table IV. Diaphragm stiffness for parametric study

Direction Calculated Indicative
Timber diaphragm description : stiffness, frequency
considered
kN/m range*, Hz
D1 As-built with single straight sheathing short 818 0.8-1.1
D2 As-built with single straight sheathing long 24020 1.4-1.9
D3 ﬁﬁo?glslt with double diagonal sheathing anqOng 2131000 4959
Single straight sheathing strengthened with
D4 19 mm plywood overlay with substantiallong 40360 5 5.9-7.7
edge nailing
D5 Artificially large stiffness value representing 1106 30-40

pinned top support
* For the purpose of frequency calculations the diaphragmevevisaged as a SDOF system
having an effective mass equal to half the mass of the optasfe loaded walls plus
the effective mass of the diaphragm and having the stifflistes.

The out-of-plane loaded walls were assumed to be doubleeni@30 mm thick) and of varying
height, resulting in slenderness ratios ranging from 8 to®4ariety of earthquake accelerograms
were adopted to include ground motions covering a wide rafifgrequency content, as detailed in
TableV. The wall crack height was assumed to be at two-thirds of tak kreight from the wall
base, and a COR of 0.8 was assumed consistently in all thgs@sal

Table V. Details of earthquake accelerograms used for maéication

Earthquake Name El Centro  Nahanni aftershock Christchurch
Location El Centro Iverson, Canada Christchurch, New Zehla
Date 18/05/1940 23/11/1985 22/2/2011
Magnitude 6.6 55 6.3
Epicentral Distance, km 8 7.5 10
Station — Sitel REHS
Site Geology Rock Rock Deep alluvium
Component NS 10 NO2E
PGA, g 0.35 0.23 0.37
Significant frequency range, Hz 0.2-7.0 7.0-9.0 0.2-3.0
Scale factor 0.5 4.0 0.5

A total of 135 direct time integration analyses (5 timberptiieagm stiffness properties, 9 walls,
and 3 earthquake records) were conducted for single-staaty and 108 analyses were conducted
for higher-storey walls (4 timber diaphragm stiffness pnaigs, 9 walls, and 3 earthquake records).
A report of the absolute maximum acceleratioh, (., «»s) and displacementy;, ., «»s) response
calculated for single-storey walls subject to one of thetreprakes (the 2% February 2011
Christchurch earthquake) is first presented, followed betaitbd evaluation of the wall rocking
pattern and stability for both single-storey and multirsjobuildings. The absolute maximum
acceleration values are important in the evaluation of ffeceof diaphragm flexibility on the
seismic force demand imposed on the wall and on the wallkdéagpn connections. The study of
wall rocking pattern is crucial in evaluating wall stahjland involves reviewing “snapshots” of the
wall displacement profile for the entire displacement histo
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6.1. Absolute maximum acceleration response

The absolute maximum acceleratiofy(,. 4»5) at the wall top generally increased with increasing
diaphragm stiffness, as shown in F&a This increase in the imposed accelerations, particularly
at the wall top, suggests that timber diaphragm stiffeninguéd probably be accompanied by
strengthening of URM walls in the out-of-plane directiordany the retrofit of wall-diaphragm
connections.

The acceleration at the crack height also slightly incréagiéh the diaphragm stiffness as shown
in Fig. 6b, with the increase from D1 to D4 being nearly 50% for the moatwhtic case, associated
with the wall having the lowest slenderness ratio (8).
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Figure 6. The acceleration response of the out-of-plangeldavalls connected to different diaphragms

6.2. Absolute maximum displacement response

In contrast to wall acceleration response, the calculabsmlate maximum wall displacements
(Anaz,abs) at wall top generally reduced with increased stiffnesshef top diaphragm. Figra
shows that\,,,...qbs at the wall top remained almost constant for the entire raridee assumed
wall slenderness ratios but for most walls decreased witteasing stiffness of the top diaphragm.
Fig. 7bshows that the change ik, .. 55 at the crack height is irregular with respect to the changes
in the diaphragm stiffness and/or wall slenderness ratie. iffluence on wall stability due to the
greater and smaller displacement occuring, respectigelyye crack height and at the wall top is
considered in the next section.
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Figure 7. The displacement response of the out-of-plargelbavalls connected to different diaphragms

6.3. Wall stability

6.3.1. Single-storey buildingBig. 8aand8b show the calculated displacement response histories
for a 4140 mm high wall (slenderness ratio of 18) at the wall amd at the wall crack height,
respectively. The evaluation of the stability of this walfirst reported, and the summary of similar
studies for other configurations are reported at the endgtction.

As discussed earlier, Patterns 21 and 22 are more favorahte Ratterns 11 and 12 due to
the increased wall instability displacement for the loweallvgegment. An investigation of Fi@.
showed that the wall connected to the rigid diaphragm (D% meaponding in unfavourable rocking
patterns (11 or 12) for only 1.5% of the duration of the exmta The A, .. s imposed at the
top of the lower wall segment (33 mm displacement at cracghtgremained within 14% of the
instability displacement for this wall segment as detailedolumns 2, 5, and 7 of Tabl€l. In
contrast, the wall with flexible diaphragm (D1) respondedimfiavourable patterns for more than
50% of the total duration, and th&,,,, .»s recorded at the crack height and in one of these two
patterns was 22 mm. Despite this displacement being snihbterthe equivalent for the case of
the pinned top support (D5), the wall is deemed less stabéetduhe reduced wall instability
displacement in Patterns 11 and 12. TAg,.. obs/Ains ratio of the lower wall segment was
calculated as 35%, as opposed to 14% for the case of D5.

The top wall segment stability was also investigated asrtedan columns 3, 4, and 6 of Tablé.

The overall wall stability was judged based on the instgbitatio that was greater, as detailed in
column 8 of TablevI.
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Figure 8. Displacement response history for wall with sandss ratio of 18 (wall height=4140 mm,
thickness=230 mm)

Table VI. Investigation of the stability of wall segments

1) (2) 3) 4) (5) (6) (7 (8)
Apaz,abs Ains Instability ratio A,z /Ains)
. Differential
Case crack height (top-crack height) upper lower upper lower max (6&7)
D5 33 47 230 230 0.20 0.14 0.20
D1 22 16 230 62 0.07 0.35 0.35

The above study was repeated for all combinations of walgtdagms, and earthquake loadings.
Figure9 shows the governing (greater) instability rati®,{,.; 455/ Ains) Of the lower and upper wall
segments over a range of slenderness ratios. Bage. 9c show that for most wall and diaphragm
configurations the instability ratio increases, i.e. thél wastabilises, with diaphragm flexibility.
There are many situations where the wall stability signifitamproves (instability ratio decreases)
with diaphragm flexibility. For example, for cases using Nehanni earthquake ground motion,
Fig. 9a walls with slenderness ratios greater than 18 become ntaikesvhen the diaphragm case
was changed from D3 to D2.
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Figure 9. Stability of single-storey walls vs. slendernegio

The instability ratio generally increases consistentlthwiall slenderness ratio when the wall
is connected to D3 or stiffer diaphragms. The relationsigiwieen the wall slenderness ratio and
stability for walls connected to either D1 or D2 is chaoticHigs. 9b and 9¢, and the calculated
instability ratio does not correlate with the wall slendzss ratio, which is a criterion that is
commonly used to evaluate the stability of out-of-planedexh URM walls P(Q]. As the stiffness
of the timber diaphragm increases, the instability ratiovewges to that for the case of the pinned
top support. It may therefore be possible to identify a valfithe timber diaphragm stiffness at
which walls behave in a simply-supported condition.
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While the development of seismic assessment methodolaggputof-plane loaded walls is
outside the scope of this study, and considering the sigmifieariation in the resulting trends
between the 3 ground motions that were used, it is recomndethde a more detailed study that
includes site-specific ground motion records be conduatekitiaat a suitable seismic assessment

procedure is developed.

6.3.2. Higher storey wallsSSimilar to the case of single-storey walls, both stabitisiand
destabilising effects of the diaphragm flexibility can beetved for higher storey walls. Figut@a
shows that the Nahanni earthquake that was characterisé@ybyfrequency shaking caused the
walls connected to stiffer diaphragms to become less sthbiethe walls connected to more flexible
diaphragms. Conversely, for the low-frequency 2011 Cthistch earthquake record (Tabl¢, the
wall stability reduced with diaphragm flexibility (Figufeb).
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Figure 10. Stability of higher storey walls vs. slendermes®
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For the El Centro earthquake that included a wide range dfifsignt frequencies, there is
no clear relationship between the diaphragm flexibility dhd wall stability as evident from
Figure10c Similar to the case of walls connected to one flexible diaghr, the stability of the
walls connected to two flexible diaphragms appears to havebmmus relationship with the wall
slenderness ratio for the ground motion records that wemsidered.

Considering the indicative frequency range calculated the diaphragms in the analysed
buildings (see TabléV), the frequency range of the earthquake records (see Tabland the
above discussion of Figut), it appears that walls connected to two flexible diaphragmswarst
affected by the earthquakes that have a dominant frequemoparable to that of the diaphragms.

Current seismic assessment codes and guidelit@s?p] do not differentiate between walls
connected to rigid or to flexible diaphragms. Based on thétdishparametric study presented
herein, it is suggested that a more detailed parametrigyghat would include a wider range of
ground motion records be conducted. The detailed studyldhmiaimed at, first, assessing the
suitability of the wall slenderness ratio or an alternagaameter as a criterion for the seismic
assessment when timber diaphragms are in as-built congit®econd, the study should include the
development of a procedure that incorporates the resoredfesss that occur when an earthquake
has similar dominant frequency content to the main frequefithe diaphragms.

7. SUMMARY AND CONCLUSIONS

A simplified numerical model was presented for the analy$i®ui-of-plane loaded walls in
URM buildings with flexible diaphragms. The equations of dgric motion were obtained using
principles of rocking mechanics of rigid bodies and the folae were next modified to include
semi-rigid wall behaviour. The wall rotation capacity wasqtified as a function of the wall rocking
pattern, and it was found that certain rocking patternsahatriggered due to diaphragm flexibility
are associated with a reduced wall rotation capacity.

An event-based numerical procedure was used to integrat@dh response by considering the
impact between the rocking wall segments and the ground.rificagion study showed that the
model predicted wall response reasonably accuratelyhatthe model often overestimated low-
amplitude wall response. The capability of the model to joteslall peak response suggests that it
is a reliable tool for the purpose of wall seismic assessiased on instability displacements.

A parametric study was conducted to investigate the effettdiaphragm flexibility on the
response of out-of-plane loaded walls located in singbeest or multi-storey buildings. Results
showed that out-of-plane loaded walls are subject to greatthquake accelerations, particularly at
the location of the wall-diaphragm connections when comtimber diaphragm stiffening practices
are employed. It is suggested based on this investigatadriftbiaphragm stiffening is undertaken
in a URM building, then this work should be accompanied by riteofit of out-of-plane loaded
wall-diaphragm connections and by the retrofit of out-afr@ loaded walls.

The study suggests that the effect of diaphragm flexibilityveall stability is dependent on
the applied ground motion. It was found that higher storeyismeonnected to two horizontal
diaphragms had reduced stability for applied earthquag&elamgrams having dominant frequency
content that was comparable to the frequency of the diapisaty was also found that the URM
wall stability did not correlate well with the wall slendess ratio for the ground motion records
that were used, and further study was recommended basedsmfthdings.
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