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ABSTRACT: This paper analyses the accuracy of a selecti@xpifessions currently available to
estimate the in-plane shear strength of reinfornadonry (RM) walls, including those presented in
some international masonry codes. For this purpmsslictions of such expressions are compared
with a set of experimental results reported in literature. The experimental database includes
specimens built with ceramic bricks and concreteckd tested in partially and fully grouted
conditions, which typically present a shear failotede. Based on the experimental data collected
and using artificial neural networks (ANN), thispes presents alternative expressions to the
different existing methods to predict the in-plamear strength of RM walls. The wall aspect ratio,
the axial pre-compression level on the wall, thenpressive strength of masonry, as well as the
amount and spacing of vertical and horizontal witément throughout the wall are taken into
consideration as the input parameters for the megp@xpressions. The results obtained show that
ANN-based proposals give good predictions and megd fit the experimental results better than

other calculation methods.
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1. Introduction

Reinforced masonry (RM) is a structural typologyl@ly used in construction of low-rise housing, rhain
seismic regions as well as in medium-rise and higg-buildings in countries such as Brazil andW& As
is well known, a RM wall can be either fully grodter partially grouted. Fully grouted means that al
hollows in the masonry units are completely gropteldile partially grouted implies that only hollowsth
vertical steel bars are completely grouted. In luatbes, horizontal steel bars are placed in haaromortar
joints or in bond beams. In addition, RM walls ¢@nconstructed using hollow concrete blocks orgratéd

clay bricks.

In recent years, severe earthquake events haveteaffa large number of masonry structures all dver
world. In particular, severe earthquakes have kt@kile, both in the northern region (Tocopilla,020
(Mw7.7); lquique, 2014 (Mw8.2)) and also in the tah southern region (Maule, 2010 (Mw8.8)). An
acceptable performance of RM buildings was obsedwgthg these events. However, unexpectedly severe
damage was sustained by a significant number of lRMdings, which even collapsed in a few cases
(Astroza, Moroni, Brzev, & Tunner, 2012; D’'Ayala Benzoni, 2012; Valdebenito, Alvarado, Sandoval, &
Aguilar, 2015). Therefore, the recent earthquakesehdemonstrated once again the high seismic
vulnerability of this type of construction and hdmdicated the need to review the current RM sktangth

formulations in order to improve their predictivialdy for design, rehabilitation or retrofit purpes.

To date, among the strategies used for the predici the shear strength of RM walls subjectedhterél
loading, the use of the data mining models appied large amount of experimental data has not geen
explored. Essentially, these models can extradt-legel knowledge from raw data (Marques & Lourenco
2013). In data mining models, certain functions bartrained to predict the value of a desired dufiimum

the multiple variables influencing its response.ofim the available techniques, the artificial neaetvorks
(ANN) along with support vector machines (SVM) #ne most frequently used. The above techniques have
been used in several research areas, includingt@tall engineering problems. For example, the SVM
technique has recently been used by Marques anehoo (2013) to assess the shear strength of eahfin
masonry walls under lateral loading. Similarly, #0&N technique has been used to predict the comjwes
strength of masonry prisms (Garzén-Roca, Marco,day, 2013), to predict the shear strength of receid
concrete beams (Mansour, Dicleli, Lee, & Zhang, 40®@r to predict the load-bearing capacity of
unreinforced masonry walls, taking buckling failuméo account (Garzén-Roca, Adam, Sandoval, & Roca,
2013; Sandoval, Roca, Adam, & Garzon-Roca, 201¥)oSS Sigmund, and Hadzima-Nyarko (2013) use
ANN to predict the effect of various important fat that affect the performance of reinforced-ceter
frames with masonry infill subjected to in-planéehal loads, while Plevris and Asteris (2014) us¢NAto

model the masonry failure surface under biaxial pa@ssive stress.

In this paper, the accuracy of a set of availablgressions to estimate the shear strength of RMsvial
analysed by comparison with a large experimentahldese built on-purpose for this research. The

experimental data gathered here include singlersRiv walls, tested in cantilever or double fixed
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conditions. Later, and as an alternative to theecuircalculation methods, this paper presents egjmes to
predict the shear strength of RM walls using ANNs &ready mentioned, the use of ANN in structural
engineering problems is not a novelty; howeveragglication to the case of RM walls is an origiagpect.
The ANN model presented here was trained and tesied) data collected from the literature involviag
total of 285 RM walls. The ANN-based expressiondude equations for fully grouted concrete masonry
walls (CB FG), fully grouted brick masonry wallsRB-G) and partially grouted brick masonry walls (BR
PG). The performance of the ANN-based proposalgrésented and discussed in comparison with the

experimental database and with other shear expresavailable in the literature.

2. Review of the State-of-the-art

Given the importance of the seismic action, marnyeemental studies on the in-plane shear behawbur
RM walls have been carried out worldwide. A largeportion of this experimental research has been
conducted using fully grouted RM walls (Brunner &ii®), 1996; El-Dakhakhni, Banting, & Miller, 2013;
Ibrahim & Sutter, 1999; Kikuchi et al., 2004; Matsura, 1988; Okamoto, Yamazaki, Kaminosono,
Teshigawara, & Hirashi, 1987; Shedid, Drysdale,|&@&&khakhni, 2008;Shing, Noland, Klamerus, & Spaeh,
1989; Shing, Schuller, & Hoskere, 1990; Shermari,12Gucuoglu & McNiven, 1991; Sveinsson et al.,
1985; Tomazevi Lutman, & Petkow, 1996; Voon & Ingham, 2006), while another consaddée number
have been conducted on the partially grouted typol&€hen, Hidalgo, Mayes, Clough, & McNiven, 1978;
Dhanasekar & Haider, 2011; Elmapruk, 2010; Faf8R3; Ghanem, Essawy, & Hamid, 1992; Ghanem,
Salama, Elmagd, & Hamid, 1993; Ingham, DavidsomanBner, & Voon, 2001; Maleki, 2008; Minaie,
Mota, Moon, & Hamid, 2010; Nolph & ElGawady, 201S;hultz, 1994; Voon & Ingham, 2006; Yancey &
Scribner, 1989). Other RM systems, traditionallyeleped in Europe, make use of perforated claysunit
combined with concentrated vertical reinforcemedf (Porto, Mosele, & Modena, 2011; Haach,

Vasconcelos, & Lourenco, 2010).

In Chile, investigations have been focused maimytloe experimental response of partially grouted RM
walls because of their greater abundance in thiglibgistock (Alcaino & Santa-Maria, 2008; Diez, 798
Hidalgo & Luders, 1982; Luders & Hidalgo, 1986; l€id, Hidalgo, & Gavilan, 1985; Mufoz, 1992;
Ramirez, Sandoval, & Almazéan, 2015; Sandoval, CaldeAlmazan, & Tapia, in press; Sepulveda, 2003;
Sierra, 2002). In spite of the large amount of expental works reported in the literature, it sltbbe noted

that not all the studies are well documented, ngakidifficult to organise any experimental datatbas

The majority of the aforementioned experimentatagsh studies recognise the influence of paramstets

as wall aspect ratio (defined as the relation betwthe height and length of the wall), level ofahxi
compressive stress, masonry compressive strengthth@& amount and spacing of vertical and horiZonta
reinforcement, on the structural response of RMsvdlwo main failure mechanisms can be identified i
RM walls subjected to in-plane lateral loading tdepend on these parameters (Brunner & Shing, 1996;
Shing et al.,, 1989; Voon & Ingham, 2006). The ficdt these is flexural failure, which is generally

characterised by tensile yielding of flexural reirfement and masonry crushing at wall toes. Thenskc
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failure mechanism is the shear failure mode, wigciainly characterised by diagonal tensile cragkin
general, flexural capacity of an RM wall can beuwsately predicted by means of analytical modelsr(&let

al., 1990), while predicting the shear strength tena difficult task, due to the complexity of the
mechanisms involved in the shear failure mode. Atiog to Voon (2007), these mechanisms can include
the tension of horizontal reinforcement, the doaetion of vertical reinforcement, as well as anitaoldal
frictional strength along diagonal cracking. Thenptex behaviour of these shear resistance mechgnhism
together with their mutual interactions, greatlyngdicates the development of analytical models.aAs
result, the majority of available expressions tedut the shear strength of RM walls are semi-eicgdir
equations usually calibrated from experimental tesults. Consequently, similar approaches have bee

adopted by the international RM codes.

The problem of estimating the in-plane shear strenfjRM walls has been an important research topic
the past three decades. Different expressions hese proposed to predict the shear strength of flodith
grouted and partially grouted RM shear walls (Asder& Priestley, 1992; Banting & El-Dakhakhni, 2014
Fattal, 1993; Matsumura, 1988; Psilla & Tassios)20Shing et al., 1990; Tomazevic, 1999; Voon &
Ingham, 2007). Among the proposed methods are thlseexpressions adopted in international masonry
codes (US: ACI Committee 530, 2011; Canada: CSA43304, 2004; New Zealand: NZS-4230, 2004;
Mexico: IMNC, 2010). The description and performarmt eight of these expressions are exposed inoBect
4.

A large number of existing expressions calculatesmhaximum shear strength of an RM wall as the sim
the contributions of masonry, horizontal reinforegi and the effect of the axial compressive Iqagliad.
However, the equations used to describe each bation vary considerably between shear expressions,
resulting in different levels of complexity and acacy. In fact, some researchers (Davis, 2008; ddiss
ElGawady, & Mills, 2014; Minaie et al., 2010) hasteown that several of these shear expressionsecan-b
conservative in predicting the shear strength of RMlls, including expressions presented in some
international masonry codes. Even though numertueies have shown that partially grouted walls beha
differently than fully grouted walls, it is imponttito note that some of the existing expressiorsl ue
predict the shear strength of partially grouted RMdlls have been initially derived from fully grodte

masonry wall tests (Minaie et al., 2010).

3. Experimental database

As presented in Section 2, a significant numbeexgferimental works have been carried out to sthdy t
shear response of RM walls around the world. Aildetaeview of these studies shows that shear gtineof

a RM wall increases as the aspect ratio decredsePBdrto et al., 2011; Matsumura, 1988; Ramired.gt
2015; Voon & Ingham, 2006). An increase in axiaddocauses a rise in the shear strength of the walls
(Haach et al., 2010; Matsumura, 1988; Ramirez .et28l15; Voon & Ingham, 2006), and an additional
frictional strength along the diagonal cracks, whi@n imply an increase in hysteretic energy digip

(Minaie et al., 2010). However, an increase in ldwad on the walls tends to reduce the ductilitgd at the
-4 -



same time can cause a more brittle behaviour thamails without an axial load (Ghanem et al., 1993;
Haach et al., 2010; Mufioz, 1992; Voon & Ingham,&00

Concerning the influence of the vertical reinforestratio, it is observed that if this ratio incses, shear
strength also increases (Elmapruk, 2010; Sierr@2RMHowever, the benefit of the vertical reinformnt
ratio on the lateral strength is not straightfomvatue to the predominance of diagonal crackingrfedium

to high levels of vertical pre-compression (Haa¢hak, 2011). On the other hand, a greater vertical
reinforcement ratio would not appear to affectdisplacement ductility or the stiffness of the w&INolph

& ElGawady, 2012). Regarding the horizontal rein@nent ratio, it has been demonstrated that araser

in this ratio leads to a rise in shear strengthtfMiaura, 1988; Sepulveda, 2003; Voon & Ingham, 2006

a reduction in the degradation of stiffness andilastantial improvement in the structural integitythe
walls (da Porto et al., 2011; Schultz et al., 199®)wever, after a certain ratio, its influencerssenot to
improve a wall's shear strength (Elmapruk, 2010at¢kaet al., 2011; Shing et al., 1989). Moreover,
according to Sepulveda (2003) and Haach et al.1(2Qthe contribution of the horizontal reinforcerhém

the shear strength of the RM walls only begins dheediagonal cracking has occurred.

Many of the aforementioned experimental studies¢lvhover a wide range of design parameters, haga b
collected in previous studies. Voon (2007) gathéyédully grouted concrete and clay brick masonaftlw
tests and then compared nine existing expressmngrédicting the shear strength. Davis (2008gishe
database published by Voon (2007), investigatedeffectiveness of eight different code provisiomsl a
proposed design expressions. Minaie et al. (20a@eged the experimental results of 60 partiallyuged
masonry walls and then compared seven empiricalyved shear strength expressions. More recently,
Hassanli et al. (2014) examined the performanc®wf international design codes using the expertalen
results of 89 partially grouted masonry walls camged with concrete masonry units. In this contéxs
research complements and expands the experimexttdlabe that other authors have already reportéd wi
more recent experimental results. It should bedhttat not all studies reported in the literature waell
documented, so the authors had to use a certainrdrob engineering judgement in order to assumeesom

parameters that were not reported.

The database constructed here gathers 285 expéaimessults of RM walls built in four different
typologies. It contains data of 96 fully groutedchcrete block walls (CB-FG), 95 partially groutechcrete
block walls (CB-PG), 37 fully grouted ceramic brigkalls (BR-FG) and 57 partially grouted ceramicchri
walls (BR-PG). According to the typology, Table Unsmarises the experimental database, as well as the
number of samples considered in this researchthallselected walls were subjected to either monotom
cyclic lateral displacement until failure occurréddis important to note that the experimental hssused

were from specimens that have shown a shear failode.



Table 1 - Experimental database. References, tggalod samples list.

Reference Typology # of samples Reference Typology gaofples
Haach et al. (201 CB FC 6 Liders & Hidalgo (198: BR FC 6
Kikuchi et al. (2004 CBFC 9 Matsumura (198! BR FC 4
Luders & Hidalgo (198t CB FC 1C Shing et al. (199 BR FC 2
Matsumura (198! CBFC 14 Sucuoglu & McNiven (199. BR FC 1C
Okamoto et al. (198 CBFC 8 Sveinsson et al. (19¢ BR FC 1t
Shing et al. (199 CB FC 8 Alcaino & Santa Maria (200 BR PC 3
Sucuoglu & McNiver CBFC 8 Chen et al. (197 BR PC 7
Sveinsson et al. (19¢ CB FC 1C Dhanasekar & Haider (201 BR PC 9
Tomazevic et al. (199 CBFC 1€ Diez (1987 BR PC 6
Voon & Ingham (200¢ CBFC 7 Luders & Hidalgo (198: BR PC 2
Chen et al. (197 CBPC 4 DICTUC (2014 BR PC 2
Ramirez et al. (201 CBPC 9 Matsumura (198! BR PC 2
Elmapruk (201( CB PC 6 Sandoval et al. (201 BR PC 1C
Luders & Hidalgo (198t CB PC 11 Sepulveda (200 BR PC 12
Matsumura (198! CBPC 2¢ Sierra (2002 BR PC 4
Minaie et al. (201( CB PC 4

Mufoz (1992 CBPC 5

Nolph & ElGawady CB PC 5

Schultz (199« CBPC 6

Sierra (200 CBPC 4

Voon & Ingham (200¢ CB PC 2

Yancey & Scribne CB PC 1C

The database was constructed and assembled witpattaeneters required to assess the existing shear
expressions. Basic geometrical properties suchspscaratio, wall thickness and the net area ayeined.
Similarly, parameters such as compressive stremigiiasonry, axial compressive load on the sectiuteu
consideration, ratio of the horizontal and vertigahforcing steel and yield strength of the refo@ament are
also needed. However, only the maximum value ofsthear strength of each specimen is considered as
output parameter. The range of input parametedsided in the database is shown in Table 2 and their
distribution is drawn in Figure 1. As observed, tested walls had an aspect ratio ranging fronto35.28,
although a large part of them had an aspect riigedo 1.0. In fact, almost all walls of the BR-B@ology
present this aspect ratio. The inventory of existexperimental data shows that average values of
compressive strength of masonry composite are I®8 (CB-FG), 10.9 MPa (CB-PG), 19.5 MPa (BR-FG)
and 14.2 MPa (BR-PG). As regards the level of deiatl applied, it can be observed that most wadlgeh
been tested under null axial load or consideringydal load level equal to 10% of the masonry caspive
strength. The horizontal reinforcement ratios cdesd in the existing experimental works, which are
summarised in Figure 1(c), indicate that a largmimer of walls were tested using ratios equal tiess than

4%0. A comprehensive description of the experimedtatbbase generated on-purpose for this reseanch ca
be found in Aguilar (2013).



Table 2 - Range of input parameters in the database

Typology
Property Unit CB FG CB PG BR FG BR PG
Compressive strength of 1y | \ymn? | 5.2-34.6 43-185 6.7-28.6 3.9-31.1
masonry
Normal stress/compressive ,
strength ratio (@/fm) - 0-0.38 0-0.14 0-0.14 0-0.09
Vertical . () - | 0.001-0.0115|  0-0.0145 | 0.0013-0.0067  0-0.011
reinforcement ratio
rlorizontal reinforcement 5, i 0-0.0067 0-0.0034 0-0.0067 0-0.0021
Wall aspect ratio (H/L) - 0.36-2.28 0.36-1.96 1-1.53 0.53-2.02
a) Wall aspect ratio b) Masonry compressive strength
= 15% o 12%
g ECB-FG g
® 12% = 10%
§ § 8%
o 9% 5
o 6%
()
g o 2 o
g % E 2%
& o% — - & o% 3 LB B
050 075 1.00 1.25 1.50 2.00 225 2.50 3 7 11 15 19 23 27 31 35
Aspect ratio (H/L) fu' (N/mm?)
c) Normal stress/compressive strength ratio d) Horizontal reinforcement ratio
o 20%
g B CB-FG B CB-FG
g 15% B CB-PG BCB-PG
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8 10% B BR-PG 8 BR-PG
&
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Figure 1 — Distribution of the main input paramet@f the experimental database

4. Performance of existing expressions for the shestrength of RM walls

As a product of the research conducted so faretlaee different existing expressions to estimate th
maximum shear strength of RM walls. This sectioaspnts eight of these expressions and their abdity

predict the shear strength in experimental testsatuated by means of a statistical comparison.



4.1. Existing shear expressions

The expressions selected to predict the sheargstresf an RM wall include parameters such as the
compressive strength of masonry, the ratio andlyselength of horizontal and vertical reinforciriged, the
aspect ratio, the axial load level and the crostiesal area. Each expression is presented witimdas
notation. It should be noted that the expressi@mne hnalysed were selected in order to comparerdgsilts
with the findings of previous studies. Some exgsteéxpressions were not selected due to lack ofratzu

information for their proper application.

Most authors suggest that the shear capacity d@Mnwall improves by increasing the square rooths t
masonry compressive strength. Similarly, all exgicss recognise the influence of horizontal reicifoy
steel. In addition, virtually all expressions reoisg that the aspect ratio, either as (H/L) or (f)/Vhas an
effect such that if this ratio increases, the skst@ngth decreases. The participation of the prepcession
level in the shear strength is also widely recogpis the studied formulations, either as the dwiadl term
P or axial stress terra. The existing expressions for predicting the shasngth were considered as

follows.

4.1.1 ACI-530 (2005)

The American code, also known as the MSJC (2014jes that the shear strength of the wall may be
estimated as the addition of three contributionasenry, axial compression, and horizontal reinforest.

The shear expression is given by:

M : Agp
V, = 0.083 [4 —-1.75 (V—dv)] ApJfh + 0.25P + O.Sifyhd,, 1)

whereM andV are the maximum moment and shear force at thesastder consideration, whitk, is the
depth of the section of wall,, is the net cross-sectional arég,is the compressive strength of masorry,
is the axial load at the sectioAg;, is the horizontal steel ares, is the spacing among horizontal

reinforcement steel bars afig is the yield strength of the horizontal reinforesrh

4.1.2 CSA-S304 (2004)

The Canadian masonry design standard recognizesotitabution of the masonry shear strength, thialax

compression load, and the horizontal reinforcermaentribution.
d, -
Vn = pm(Umbwdv + O-ZSP)Vg + ps (O-6Ashfyh ;> < 0-4’pm fmbwdvyg (2)

In this equationy,, is the contribution of masonry shear strength,chis determined by the expression
vy, = 0.16 (2 —%),/f{n, wheref}, is the compressive strength of masorivyandV are the maximum
moment and shear force of the section under coradide andL is the length of the wall. In the equation (2),

-8-



b,, is the wall width and is the axial compressive load on the section undesiderationd,, is the cross-
sectional area of horizontal shear reinforcemggtis the yield strength of horizontal reinforcemed,is
the effective depth of the section of wall asjdthe vertical spacing of shear reinforcement. Theadon
also includes the factqy, that takes into account the filling condition oR& wall. For fully grouted walls,
Yg is equal to 1.0. For partially grouted waljg, takes the value of the rati,/A; not greater than 0.5,
whereA, and A, are the effective and gross cross-sectional afeaagsonry. Meanwhilep,, andp, are

resistance reduction factors of masonry and seeafarcement respectively.

4.1.3 IMNC (2010)

In the Mexican masonry code, the shear strengifven by

Vp, = Fr(0.50,,A7 + 0.3P) + Frnpp fynAr withn = {0 2if pnfyn = 0.9
. yn = ¥+

®3)

but no greater tharv, = 1.5Fgv,,Ar, where the contribution of masonry shear strength can be

determined by the expressiof = 0.25,/f},. The termf}, is the compressive strength of masovy,is the
gross cross-sectional area of the wlis the axial compressive load on the section undasideration and
n is an efficiency factor of the horizontal reinferaent, which depends of the horizontal reinforcemetio

(pn) and the yield strength of horizontal reinforcetnip,).

4.1.4 UBC (1997)

According to this proposal, the shear strengthbtsioed by adding two terms: the contribution pded by
the masonry and the contribution provided by thdzioatal shear reinforcement. This shear expresdmn
not considers the contribution of the axial compnesload.

L, withC,; = 2.4 + 1.6{ary; — 1) — 1.6{ar; — 0.25)
V, = 0.083C,44 n+A —
n din fm shfyh Sp andx=ﬂ

VLr

(4)

whereA,, is the net cross-sectional area of the wgJljs the compressive strength of masomy, is the
horizontal steel aredy;, is the yield strength of horizontal reinforcinget L,, is the wall length ane, is
the spacing among horizontal reinforcement steed.ba the termu, r is the ratio between wall height and

wall length, whilerq is the ratio between wall height and wall effeetigngth.

4.1.5 Shing et al. (1990)

This shear expression follows the traditional fomthat there is a contribution of masonry, of coegsion
axial load, and of shear reinforcement. In conttasthe previous expressions, this equation rezegna

certain contribution of the vertical reinforcementthe shear strength.



L, —2d
V, = (0.166 + 0.0217p, £, ) An~/ fry + 0.02170 A,/ fim + — Asn fyn (5)
h

In this equatiorp, is the vertical reinforcement ratify,, is the yield strength of vertical reinforcing dtef,

is the net cross-sectional area of the wfgllis the compressive strength of masomris the acting vertical
normal stress on the wall,, is the wall lengthsy, is the spacing among horizontal reinforcement &taes,

d’ is the cover of reinforcement of the vertical eddg, the cross-sectional area of the horizontal shear

reinforcement ané,;, is the yield strength of reinforcement.

4.1.6. Matsumura (1988)

This equation also includes a masonry term, aloity wompression axial load and shear reinforcement
terms. According to this proposal, the masonry rouation to the shear strength is affected by thpeat
ratio and the edge vertical reinforcement. In addijt it establishes a relation between the horalont

reinforcement and the compressive strength of thgomry.

0.76 : ;
Vo = | kuky oo +0.012 | /£, + 0.20 + 0.18y65 /pshfyhfm (0.875td) (6)
= +0.

wherek, = 1.0 for fully grouted wallsk, = 0.8 for partially grouted brick masonry wallk, = 0.64 for
partially grouted concrete masonry walkg; = 1.16(pye)%3; meanwhile, the termr can be either 1.0 for
fully grouted walls or 0.6 for partially grouted W&a andé = 1.0 for loading resulting in inflection point at
mid-height of walls (double bending) 6r= 0.6 for loading of cantilever type (single bendinlg) addition,
the termsh andd are the height and the effective depth of the wakpectivelyf;, is the compressive
strength of masonryy is the acting vertical normal stress on the wal, is the horizontal reinforcement
ratio, fy}, is the yield strength of the horizontal reinforeft is the wall thickness angl,. is the vertical

reinforcement ratio of one edge of the wall.

4.1.7. Tomazevic (1999)

This formulation recognizes the contribution of oy as well as the contribution of horizontal
reinforcement and it also proposes a term to cendite dowel effect of the vertical reinforcememhich

depends on the resistance of the filling grout. Tomazevic’'s expression is given by:

_ ft o
V, =4, (E) ’E + 1 |+ PAg,fyn + 1.0264,, ’fjfy,, (7)

whereA,, is the net cross-sectional area of the walils the shear stress distribution factwis the acting
vertical normal stress on the wadll, is the tensile strength of the masonry (in thiseegch, a 4% of the

compressive strength was used when this parangetestireported (Sandoval & Roca, 2013), is the
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cross-sectional area of horizontal shear reinfoesefi;, is the yield strength of shear reinforcemdnis a
reduction factor of the shear reinforcemeky, is the cross-sectional area of vertical reinforeetyty, is

the yield strength of the vertical reinforcemend §ris the compressive strength of the filling grout.

4.1.8. Anderson & Priestley (1992)

According to this proposal, the shear strengtibisioed by adding the contribution from three congrus:

masonry, compression axial load and horizontafoete ment.

[ d
Vn = CapAnk fﬂ,1 + OZSUAn + O'SAShfyh; (8)

In this expressiorG,, is a coefficient that takes into account the tgpeasonry used in construction, and it
is specified as 0.24 and 0.12 for concrete and lotek masonry, respectively, is the net cross-sectional
area of the wallf}, is the compressive strength of masomrig the acting vertical normal stress on the wall,
Agn is the cross-sectional area of horizontal reirdorent, fy,is the yield strength of horizontal

reinforcement,d is the effective depth of the section of wall argl is the spacing among horizontal
reinforcement steel bars. In addition, this expoessakes into account the degradation of sheangth
when the wall is subjected to cyclic loading irte inelastic range through the ductility coeffidiéactork.
The authors suggest that tkdactor be equal to 1.0 for a flexural ductilityticaup to 2.0, while it should
linearly decreases from 1.0 to zero as the dtyctiitio increases from 2.0 to 4.0. In this stutiyg ductility

ratio of walls was taken as 2.0 when this inforimais not reported.

As it is mentioned previously, some researchers lealuated the predictive ability of these andeioth
expressions of shear strength available in theatiiee. Fattal & Todd (1991) compared the predectbility

of the expressions proposed by Shing et al. (199@jsumura (1988), Okamoto et al. (1987) and UBC (i
their version of 1988) with a set of 62 experimémtata on fully grouted masonry walls. Both claydan
concrete unit masonry walls were considered. Ththaas concluded that the expression given by
Matsumura (1988) was the most accurate. In ternstapfdard deviation, this expression showed thedow
value (0.39 MPa) of the four studied expressiorsillaRTassios (2009) studied the ability of foursign
equations comparing the prediction of these withe®perimental data results, concluding that thetmos
accurate code is the NZS 4230. Davis (2008) evadliaeveral shear strength expressions and thedsresul
were compared with an experimental database ticatded only fully grouted RM walls. The comparison
was done in terms of the ratio of test strengtthtopredicted strength. From the statistical evalnathe
expressions from ACI Committee 530 (2005) and Skingl. (1990) showed the mean values closesito 1.
as well as the smallest standard deviation valQels/ (and 0.24 respectively). Meanwhile, Hassanhlet
(2014) evaluated the predictions of four internagiocodes considering only experimental resuligaofially
grouted RM walls. The statistical results show ghhscatter of the predicted values for all studied

expressions. Again, ACI Committee 530's expres$®fl05) showed the lowest standard deviation value
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(0.25) and mean value closest to 1.0 (0.86). Ttierlauthors also conclude that it is necessarg\tiew the

provisions of several design codes.

4.2. Accuracy of existing shear expressions

The above shear expressions were analysed tdestatcuracy in predicting shear resistance. kisr the
predictions of each shear expression were corcelaith the collected experimental results descrilved
Section 2, following the methodology used by Vo2aQ7). In this manner, the comparison is donenmge

of the Ve, d Vi, ratio, whereVe,, is the experimentally obtained shear strength \nib the predicted shear
strength. The comparative analysis is conducteanbgns of statistic parameters such as mean, standar
deviation and 5th percentile. For thg/V, ratio, a mean value close to one means that tbeigtion is
satisfactory. AVe/V, ratio larger than one means that the shear cgpaa# been underestimated and that
the prediction is conservative. If th&,/V, ratio is less than one, the shear strength piedidtas been
overestimated and the prediction is nonconservalivaddition, in the statistical analysis, the ptrcentile
value indicates the ratio whereby 95% of wallsefdibt loads equal to or higher than predicted gaish

expressions.

Table 3 shows the results of the statistical amalgs each RM typology. It can be observed thatigify
grouted masonry specimens present the highestsvafustandard deviation for the experimental/predic
shear strength ratios, especially in the case ofvRills constructed with concrete blocks. This cdagddue

to the less homogeneous composition of the walls partially filled cells.

Dismissing those expressions that show standariatitaws greater than .40, a statistical comparstoows
that the most accurate equations in terms of aeerggV, ratio are the expressions proposed by Tomazevic
(1999) in the case of fully grouted concrete bloaksl by Matsumura (1988) in the case of fully geout
ceramic bricks. In typologies with partial groutjirtge expression from ACI Committee (2005) showes th
more accurate predictions. On the other hand, thep&rcentile values show more accurate resultg wer
provided by CSA-S304 (2004) for CB FG, IMNC (2016) BR FG and Shing et al. (1990) for BR PG. In
addition, for CB PG's typology, the 5th percentilesults obtained in all equations analysed are low,

indicating that a large number of predictions asaaonservative estimations.

Table 3 also illustrates that the proposal of AGin@nittee (2005) provides good predictions with low
standard deviations in all RM typologies. HoweMith percentile values imply that a significant n@mbf
predictions are nonconservative. This is consistgtit the results reported by Davis (2008) and ldakst

al. (2014). Likewise, the proposal of Matsumura88Qgives very good results on FG masonry typology,
consistent with the work by Fattal and Todd (199)s also worth noting that, despite its simpiicithe
expression from IMNC (2010) gives conservative tahs with small deviations for BR FG typology.

On the other hand, the expression proposed by Aodeand Priestley (1992) is considered excessively

conservative to predict shear capacity and shogls 8D values. The expression from UBC (1997) dag¢s n
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include the contribution of the axial load in th&laulation of shear strength; this could explaia thide
dispersion of the results. Therefore, it is cld@ttnone of the shear expressions analysed hevidera
consistently safe prediction of the shear stren§fRM walls.

Table 3 - Statistical comparison of existing shegpressions

ACI 530 (2005) CSA S.304-1 (2004) UBC (1997) IMNQ@10)
Type Standard. 5th Standard 5th Standard 5th Standard 5th
Mean Deviation percentile Mean Deviation percentile Mean Deviation percentile Mean Deviation percentile
CB FG 1.21 0.29 0.75 1.41 0.34 0.90 0.76 0.39 0.13 1.50 0.43 0.93
CB PG 0.98 0.38 0.52 1.09 0.40 0.57 0.58 0.29 0.25 1.06 0.50 0.47
BR FG 1.06 0.24 0.53 1.33 0.27 0.78 0.82 0.29 0.49 1.29 0.18 0.95
BR PG 1.23 0.36 0.69 1.12 0.43 0.6( 1.15 0.66 0.44 1.57 0.19 0.55
Shing et al. (1990) Matsumura (1987) Tomazevic (199 AP (1992)
Type Sandard 5th Standard. 5th Standard 5th Standard. 5th
Mean Deviation percentile Mean Deviation percentile Mean Deviation percentile Mean Deviation percentile
CB FG 1.20 0.31 0.82 1.10 0.21 0.71 0.93 0.28 0.55 1.54 1.48 0.58
CB PG 1.32 0.44 0.75 1.32 0.88 0.57 0.71 0.29 0.83 1.65 1.56 0.61
BR FG 1.04 0.38 0.53 0.97 0.21 0.671 0.90 0.18 0.61 1.71 0.91 0.95
BR PG 1.32 0.34 0.85 2.69 3.30 0.59 0.61 0.22 0.83 2.45 2.02 0.97

5. Processing with Neural Networks

5.1. General description

An ANN is a computational scheme inspired by thapghof information processing of biological neural
networks in humans. The neuron is the basic unthi® operating system. Each neuron receives afset
inputs, processes them and returns an output ¥&lgare 2). Inside a neuron, inputs are linearlynbimed
according to a set of previously defined weightdd{ag also a free end, known as bias) and thereafte
transfer function is applied to the result of trmbination, giving the output of the neuron. Anyndiof

function may be used as transfer functions, althdirgear or sigmoidal functions are the most comiyion
used.

Weights
Wy, W,y . W,

—

Bias, b

0 = f(net) ]:>

Neuron

Figure 2 — Single neuron work.
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An ANN is created when a set of neurons acts jpifithe most common ANNSs are of multilayer type with
onward connections (from inputs to outputs). Irsthaetworks, the neurons are arranged in threggrou
layers: an input layer that contains the inputsindermediate layer known as hidden layer (whicly itself
contain one or more layers) and an output layeichvhenerates the output of the network (Figuré@ts).

number of neurons in each layer will vary dependinghe problem under consideration.

o e
-----

Input layer Hidden layer Output layer

Figure 3 — Feedforward Neural Network

An ANN has the ability to learn from experience, that it is possible to train the network to recisgn
certain patterns so as to optimise its performame.previously explained, in each neuron a linear
combination is defined, these coefficients beingnawn values in the initial set-up. A learning pees may
be conducted with known values of inputs and tleeiresponding outputs. This leads to adjusting the
weights and biases of each neuron to minimise die between the target output (real output) are th

computed output (output given by the network).

The back-propagation algorithm is one of the mauiently used methods for training a multilayemoek
with onward connections. In this method, randonugalare used to set initial weights and biases AN¢

is then processed for the entire set of input @atad known outputs, measuring the error or diffeeenc
between the target output and the computed oufjus error is then propagated backwards in order to
modify and update the weights and biases, agaicepsing the network with the new values and obtgiai
new error. This process is repeated until reactdnginimum error (or untii a maximum number of
iterations, or epochs, is reached). At this pdim, weights and biases are fixed and the ANN camske to

make predictions.

5.2. Network architecture

The aim of the ANN constructed was the predictibrihe shear strength from geometric and mechanical

parameters of RM walls. The ANN was constructecelamn the terms used in the expressions with better
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performance according to statistical analyses pedd in Section 4 (i.e. proposals of Matsumura,8198

Tomazevic, 1999; and ACI Committee 530, 2005). THive parameters were defined as inpqﬁF*

(M/VL)™Y; pufyn; pyo/Eifyy: v8 /phfyhfr’n; ando. The output layer contained only one neungyp, predicted

shear strengthV() divided by the wall cross sectioA). The Matlab commercial software (MathWorks,
Inc., 2005) was used to define a 5-n-1 feedforwaetivork, with a unique hidden layer. The number of
neurons in that layen, was determined by trial and error (there is noegally accepted rule to define the

number of neurons the hidden layer should consairhis trial an error procedure is commonly used).

It is interesting to note that, according to theswork architecture, weights may be structured afires,
with a matrix calledW with the input weights, i.e. the weights connagtihe input values with the neurons
in the hidden layer, and a matti}¥V with the weights connecting neurons in the hiddger with the neuron
in the output layer. Similarly, biases can be gtrred in two vectord)l andb?2, the former associated with

matrix IW and the latter associated with matrh¥.

The transfer function chosen for the hidden layes whe sigmoid function g(x) (1 + e-x), while the
output layer contained a linear neuron. The Lavepbdarquardt algorithm (MathWorks, Inc., 2005) with
back-propagation was used to train the networkgugia data previously collected. Since four typewalls

are identified in this paper, four ANN where buitthe for each type of wall, CB FG, CB PG, BR FG and
BR PG. From the total data of each case, an 80Rowas used to train (calibrate) the network ared rest
(20% of data) to validate (test) its performancatdbwas randomly picked for a more realistic redutan-
squared error (MSE), defined as shown in Equa®nnijeasured the error between the target oulpuarid
computed output@). The maximum number of epochs was set to 3000thadyoal for the error was

chosen as 18

1 m
MSE = E;m -0 ©)

With the aim of improving the stability and speefdtive training process, both inputs and outputsewer

scaled by a simple linear normalisation functidmeg by:

X;

X i,ANN = (10)

Xmax

where for each ANN constructel; s represents the normalised value of the input opuduandXmax
designates the upper bound of the variahl®&laximum and minimum values (range) of the inmd autput

parameters are shown in Table 4.
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Table 4 - Range of input and output parameterfi@ANN developed.

Range

Parameter CB FG CB PG BR FG BR PG

P1 I (ML)~ 13.973 — 1.83014.479 — 2.1959.010 — 2.2927.624 — 1.374
P2 Prfyn 2.572-0.000 1.292—0.000 2.848 — 0.00F20 — 0.00(
P3 0y / fify 1.292 - 0.046f 0.564—0.000 0.689 — 0.1B@22 — 0.00(
P4 % / onfonfh 7.573-0.000 2.685—0.000 8.576 — 0.0P®38 — 0.00(
P5 o 5.870—0.000 1.470—0.000 2.760 — 0.0D@90 — 0.00(
Output |V, 3.120-0.470 0.950—0.246 2.690 — 0.28M61 — 0.24(

5.3. Results obtained

Table 5 summarises the results of each ANN constiivarying n, the number of neurons in the hidden
layer, from 1 to 3 (usually, the optimal numberrofis somewhere between the number of inputs and
outputs). For each ANN, the determination coeffiti€R’) of the correlation, the MSE and the mean and
standard deviation of the ratio between the ouwpiue provided in the data collected and that givenhe

neural networkVexVy) is shown.

As it can be observed, for the CB FG and BR FGltgies, a value of n equal to 1 (i.e. only one naus
used in the hidden layer) is enough to reach aevali® close (or even higher) to 0.90 as well as accéptab
values for the mean and the standard deviatioheofdtio. On the other hand, n should be equalfty the

BR PG typology in order to reach similar valuesRéfand the mean and the standard deviation of the rat
In the case of the CB PG typology, the values far determination coefficient are far from 0.90, ethi
indicates that the ANN constructed is not ableuitably connect input and output values. This maypht
down to, among other reasons, the lack of valuesoime part of the range of data. In fact, this kypp
shows compressive strength values ranging frontet.B8.5 MPa. This range is much smaller than those
shown by the other studied typologies. Somethingjlai happens with the horizontal reinforcementorat

where the majority of walls had been tested takiihg account a ratio close to 0.2%.

Table 5 - ANN 5-n-1 performance

ANN CB FG ANN CB PG
N| MSE | R* | Mean Veuy /Vyy | StdVeyp/ Vi N| MSE | R* | Mean Veyp,/Vi | StdVeyp/Vi
1| 0.066| 0.885 1.000 0.177 1| 0.014| 0.504 1.008 0.226
2| 0.044| 0.922 0.994 0.171 2| 0.010| 0.646 1.012 0.185
3| 0.039| 0.931 0.997 0.151 3] 0.007| 0.750 1.013 0.155
ANN BR FG ANN BR PG
N| MSE | R | Mean Vey/Vi | StdVeyp/ Vi N| MSE | R* | Mean Ve, /Viy | StdVeyp/Vin
1| 0.026| 0.946 1.000 0.118 1| 0.011| 0.757 1.024 0.216
2| 0.030| 0.939 1.002 0.110 2| 0.011| 0.767 1.000 0.194
3| 0.024| 0.952 0.985 0.089 3| 0.007| 0.848 1.005 0.152
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5.4. Shear expressions based on ANN

If a single neuron in the intermediate layer isdjgbe neural network algorithm can be summarised i
Equations (11) and (12). It should be noted thattfain purpose of the use of a single neuron stjipe of

studies is to obtain a practical expression thatmaapplied directly without the need to modeAAN:

Vi = {LW(]-QJ + b2 }AT Vi max (13)

1+e

Q{le-m}q (14)

i=1

wherelLW is the weight of the output (when n =LV is reduced to a 1x1 matrix) abgits corresponding
bias;IW the input weights matrix (of dimension 1.5) dndts corresponding biasgs;the input values after
being preprocessed according to Equation (10); gnanax the maximum value listed in Table 4 for

parameter, in each ANN constructed.

ANN-based proposals are listed in Table 6. As pnasly indicated, it unfortunately was not possitie
obtain a satisfactory expression for the CB PG lggyw by means of the ANN constructed for this study
Following the same methodology as used in SectiBnthe performance of the ANN-based proposals is
analysed by means of statistical values. Figurehdws the performance of the most accurate shear
expressions according to Table 3 together withAN&I-based predictions for each RM typology. As ten
observed, the performance of the proposed expressiobetter than the other calculation methoddiestu
here, including Tomazevic (1999), Matsumura (19&8)d ACI Committee (2005). In general, an
improvement of the accuracy is obtained. The maprare error (MSE) is low, the standard deviation
decreases, and the 5th percentile is higher treaprédictions of existing expressions. This denrates that
the ANN-based models can be more accurate thanimgigalculation methods, and so they are
recommended as a tool for predicting the sheangtineof RM walls. It should be noted that better
adjustments are achieved even in complex typologiestructed with partially grouted concrete blocks
Although, in this case, the performance of the akenetwork model is not good for validating andtites
since, as mentioned above, significantly lower galof R are obtained. It should be noted that ANN based

proposals are valid only in the parameter rangd uséhis study (listed in Table 4).

Finally, a sensitivity analysis was conducted talgtthe influence of the different parameters usebluild
the ANN and thus considered in the equations pteden Table 6. In this study, all parameters ekcee
were kept fixed at their median value (i.e. intedmge point between the maximum and minimum) amd th
others were varied in the range listed in Tabl# & important to note that the analysis is perfed based
on the fitted ANN models and thus it may suffesofme bias interpretation. Figure 5 illustratesrtsilts of
this analysis, in which the variation of each pagtanis drawn against the variation caused in #teevofV,

with respect to the value of the shear strengthiobtl fixing all parameters at their medium vaMg fediun)-
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The parameter variation scale is established ih suway that 0% corresponds to the minimum valuthef
parameter, 50% to the median value and 100% toridvémum value of the parameter. As an example,
Figure 5(a) shows that if paramekt is modified from the median value to the minimuatue, keeping the
other parameters constant, the shear strengthasesdéo 18%. On the other handPi increases to 50%
with respect to its median value, the shear streimgtreases only a 6% compared to the medium aflue
shear strength. Meanwhile, in Figure 5(b), it canobserved that the increase in parameg¢horizontal
reinforcement) leads to a decreas&/inA similar variation has been noted by Hassankle{2014) in its
work on the evaluation of shear strength expressadriour international masonry codes. In geneyahs, it

is observed that P1 is the parameter with moraiemite in the shear strength predictions for theethr
typologies. Meanwhile, a less influence is shownpayameterdP2 and P3, and to a lesser degree by
parameter®4 andP5. As already mentioned, the sensitivity analysisased on the fitted ANN models and

therefore the obtained results are dependent ofothreof each parameter considered.

Table 6 - ANN-based proposals

RM Type  Equation*

0.7712
=3, 12AT( Toat 0 0667)
CBFG
(15) (M)—1 \/f_'
—_— 6 [
Q=313290 Y 80822 p"fyh +2.7827 Pl Jilyv +2.0651 L2V PrIynSm JPufynfm +2.8501—— —3.527
maxP1 P2 maxP3 maxP4 maxP5
V, =2.694 (75' 9867 55 0746)
no T\ 1+ e2 '
BR FG Q
(16) -1
— ,f;n [f. S / 7
=0. 0627L +0. 0248"”—fy" +0. 0182M -0 0385M +0.0142
maxP1 maxP2 maxP3 maxP4 maxP5
+0.9545
—0.5568
SR PG V, = 1.06147 (l—i-—eﬂ + 09309)
(7) (M)—l N
73 4 v v 6 T;’L
Q=-80997¥LL " _ 9163 LY Prfyn —6.1045" ity +0.4315 2V PrIynm VPnfynfm _ 11012—2— 49,0745
maxP1 maxP?2 maxP3 maxP4 maxP5

*The termsmaxP1 maxP2 maxP3 maxP4and maf5 refer to the maximum values for each parameteiRMdype listed in Table 4
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Tomazevic (1999) - CB FG

Eq. (13) - CBFG

4 Mean = 0.93 4 Mean = 1.0
Rf=0.71 R*=0.89
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Figure 4 —Comparison among the most accurate exjstkpressions according to Table 3 (left) and the

proposed equations (right).
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Figure 5 — Sensitivity analysis for equations liske Table 6: (a) CB FG walls, Equation (13); (bREG
walls, Equation (14); (c) BR PG walls, Equation 15

6. Conclusions

The shear strength of RM walls continues to bestliigect of extensive investigation. This paper ysed

the accuracy and effectiveness of a selection pfessions, including some international masonryespd
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currently available to estimate the in-plane sh&egngth of RM walls. As a novel aspect, ANN-based
expressions are presented for the assessmentptdrin-shear strength of RM walls. These proposale w
obtained from a neural network calibrated and waéid with 285 experimental results available in the

literature.

From the statistical comparison performed with #vailable expressions, those proposed by Matsumura
(1988) and Tomazevic (1999) for fully grouted caterblock masonry and fully grouted ceramic brick
masonry, respectively, were the most accurate leion methods. For masonry in partially grouted
conditions, the AClI Committee (2005) code was tlasthaccurate expression. It is important to nog th
these expressions show a lower 5th percentilecatidig nonconservative predictions. Thus, it isgasged

to use the new experimental data generated in rgeems to recalibrate these equations. It is nottwy

that the Matsumura (1988) and Tomazevic (1999) gsajs do not follow the trend of separating the
contributions of the masonry, axial load and reiafug steel as independent components. On theagntr
these expressions recognize a degree of interdepeadbetween the variables involved in the sheangth

mechanisms.

Aiming also at providing an accurate but also peattool for the evaluation of RM walls, the ANNwbed
expressions presented here include equations tlicptbe in-plane shear strength of fully groutesharete
masonry walls (CB FG), fully grouted brick masonvglls (BR FG) and partially grouted brick masonry
walls (BR PG). Unfortunately, it was not possilbeachieve a satisfactory expression for partiatbyuted
concrete block typology (CB PG) by means of theroes defined in this study.

The proposed expressions show a good correlatidh thie experimental database. The parameter P1

\/ﬁ * (M/VL)~! proved to be the most influencing parameter orsttear strength predictions. In addition,
ANN-based expressions show a comparable accuratty thé equations from Matsumura (1988) and
Tomazevic (1999). Compared with the other calcotatmethods, the ANN-based expressions give less
conservative results. These trends were confirmedomparing the predictions of the different eqomagi
with the experimental results obtained by differemithors. The proposed methods predicted the
experimental results in a more accurate and lessereative way. With sufficient validation, thegpiations
could be applied to practical purposes of desighabilitation or retrofit. The predictions could ibgproved
through the inclusion of interdependencies betwbenvariables involved in the mechanisms of theashe
response. Moreover, it should be noted that theracg of any semi-empirical expression generatedladvo

depend on the quality and quantity of the expertalegata in the database.

Finally, this research project confirms once agéiat ANNs can be a reliable approach for resolving
complex engineering problems when the only inforamatavailable consists of the parameters of the

problem and the desired results.
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