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ARTICLE INFO ABSTRACT

Keywords: Perforated unreinforced masonry (URM) walls in out-of-plane (OOP) two-way bending are
Unreinforced masonry commonly encountered in natural hazard investigations. However, related research is rather
Two-way bending limited. This study focuses on the influence of openings on the two-way bending capacity of URM
Opening walls. An experimental database about the perforated URM walls in OOP two-way bending was

3D simplified brick-to-brick modelling

Standard created. A brief review of the experimental results show that the arrangement of the opening area
tandar

can significantly affect the two-way bending capacity of walls (defined as the peak pressure on the
wall net area): when the opening area is non-covered and non-loaded, the two-way bending
capacity of the perforated wall is higher than that of its solid counterpart; when the opening area
is covered with timber or glass plates loaded as the rest of the wall, the two-way bending capacity
of the perforated wall is lower than that of the corresponding solid wall. These observations from
the experiments were confirmed by an analytical estimation using the Yield Line Method (YLM).
Next, to study the influence of openings on the two-way bending capacity, a numerical study has
been carried out by employing the 3D simplified brick-to-brick modelling approach. The results of
calibration and validation show that this modelling approach can precisely predict the two-way
bending capacity and crack patterns. By applying the validated numerical models, the influence
of the arrangement for the opening area from the experimental results and YLM evaluation was
confirmed. Further, a parametric study focusing mainly on cases with the opening area non-
covered and non-loaded was conducted. The influence of the geometric parameters of open-
ings, namely, the opening size, shape and position was investigated on walls with different aspect
ratios. Results show that the two-way bending capacity increases as the opening size or aspect
ratio (height to width) increase, but it is insensitive to the opening position. Eventually, based on
the numerical results, analytical equations were proposed to account for the influence of the
considered parameters on the two-way bending capacity. A comparison with the Australian
Standard (AS3700) indicates that the proposed equations incorporate more opening parameters
such as opening shape.

1. Introduction

Perforated walls, i.e. walls with openings (windows and doors), are commonly encountered in unreinforced masonry (URM)
buildings. In some countries, such as the Netherlands, openings can be relatively large, as shown in Fig. 1. Therefore, the presence of
openings can alter the mechanical behaviour of walls to a large degree. Recent research concerning perforated URM walls focuses on
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their in-plane performance [1-3]. In contrast, the research on the walls in out-of-plane (OOP) two-way bending, in which at least one
lateral edge of a wall is supported in addition to its top and bottom edges, is relatively limited. However, investigations have identified
OOP failure of URM walls subjected to natural hazards, such as earthquakes, as one of the most occurring failure mechanisms [4-8]. It
is thus of significance to further study the influence of openings on the two-way bending capacity of URM walls.

Research on this topic started from laboratory experiments back in the 1970s. Most of the experimental campaigns applied quasi-
static tests using airbags [9-15], while a few others adopted dynamic tests [16,17]. However, the existing experimental database is
limited in quantity, and crucial data such as opening size and position is unavailable, especially in early experimental records.
Moreover, different experiments adopted different arrangements for the opening area. Some covered the opening area with timber or
glass plates and loaded it with uniformly distributed pressure as the rest of the wall, while the others left the opening area empty and
non-loaded. This led to contradictory conclusions on the influence of the openings on the two-way bending capacity of the walls.
Furthermore, only a few experiments systematically studied the geometric parameters of the opening, namely size, shape and position.
Thus, solid conclusions about these parameters cannot be drawn due to the limited number of samples [11,13]. A brief review of the
available database elaborating on the experimental details and findings is provided in Section 2.

Numerical modelling, especially nonlinear finite element analysis, has been introduced to study the mechanical behaviour of URM
walls in OOP two-way bending. Among various modelling techniques, the 3D simplified brick-to-brick modelling has been proved to be
an effective method in studying the solid URM walls, considering that it can well present the wall crack pattern [18-22]. Concerning
perforated walls, Nasiri and Liu [23] used 3D simplified brick-to-brick modelling to study the influence of a central window on ma-
sonry infills within reinforced concrete frameworks. However, according to the authors’ knowledge, there is no research applying this
modelling technique to systematically study the influence of openings on the two-way bending capacity of URM walls.

The insufficient research regarding perforated URM walls in OOP two-way bending results in incomplete analytical formulations in
current building standards. In some major standards, such as Eurocode 6 — Design of Masonry Structures [24], large openings that
potentially influence the wall behaviour are required to be evaluated using additional analysis tools. By contrast, the Australian
Standard — Masonry Structures (AS3700) [25] takes the opening length and horizontal position into account. Within limited ranges,
the two-way bending capacity of the perforated walls is reported to decrease as the opening length increases, or as the opening moves
from the wall centre towards the lateral edges [26]. However, the predictions by AS3700 can be contradictory with some experimental
results and can overly underestimate the two-way bending capacity of the perforated walls. Besides, the opening aspect ratio is not
considered in AS3700. This poses questions regarding the accuracy of the related analytical formulations in AS3700 and calls for
further study on perforated URM walls in OOP two-way bending.

This study focuses on the influence of openings on the two-way bending capacity of URM walls. The influence of the arrangement of
the opening and the opening geometric parameters, i.e. size, shape and position are specifically explored. First, available experimental
records were collected and analysed to provide a brief review of the observations and limitations of existing experimental campaigns
(Section 2). A preliminary evaluation of the influence of openings by the Yield Line Method was conducted in Section 3. Then, 3D
simplified brick-to-brick finite element models were calibrated and validated based on the experimental campaign carried out by
Griffith and Vaculik [14] (Section 4). The influence of the arrangement of the opening area was studied with various virtual settings in
Section 5. Further, a parametric study was carried out to evaluate the influence of the opening geometric parameters, such as type
(window or door), size, shape and position on both long and short walls (Section 6). Eventually, proposed equations based on the
numerical results were proposed and compared with AS3700 (Section 7).

2. A brief review of the available experimental database

As introduced in Section 1, experiments on perforated URM walls in OOP two-way bending have been carried out from the 1970s
onwards. A database dating from 1977 is collected and presented in Table 1. The database consists of 9 testing campaigns and 19
groups of samples. Each group contains at most one solid wall as a reference and at least one perforated wall having identical testing
configurations as the former. In the majority of the cases, quasi-static tests were performed by applying a uniformly distributed
pressure on the wall surface with airbags (Fig. 2a). In a few cases, dynamic loads were applied using shake-tables. Besides, two ar-
rangements of the opening area can be distinguished. In the first case, the opening area is non-covered and non-loaded, as shown in

Fig. 1. Unreinforced masonry walls with large openings in the Netherlands.



Table 1

Database of experiments on the influence of openings on the two-way bending capacity of URM walls (1977-2019).

Testing campaign Groups  Testing Unit type Boundary Wall Number Serial number Opening Opening Opening The ratio of two-
method? conditions® dimensions of Solid wall Walls with area (A eccentricity areacovered ~ way b.ending
H,, X L, X t, samples A opening /A and loaded? capacity between
(mm) openings gross) the perforated wall
(s) and the solid
wall
BCRA (1977-1986) 1 Mon. Clay Brick U 2600 x 2700 5 1135 1142, 1143, 11% (2), Centric Unknown 0.68-0.98
x 100 1155, 1175 38% (2)
2 Mon. Clay Brick 18] 2600 x 3700 4 None 1196, 1197, 8% (3), Centric Unknown Unknown
x 100 1200, 1204 28% (1)
3 Mon. Clay Brick U 2600 x 5500 7 None 1128, 1129, 6% (4), Centric Unknown Unknown
x 100 1131, 1132, 19% (3)
1134,
1139,1141
Tapp and 4 Mon. Clay Brick U 2417 x 4840 3 None Panel 1, 2, 3 10%, 14%, Centric Yes? Unknown
Southcombe x 102.5 18%
(1985 &1988)° 5 Mon. Clay Brick U 2465 x 4715 6 ARTO1 ARTO2 - 06 14% (3), Centric (4); Yesd 0.57-0.63
x 102.5 15% (2) eccentric (1)
Chong (1993) 6 Mon. Clay Brick U 2475 x 5615 4 SBO1 SB02, 03, 04 18%, 11%, Centric Yes 0.76-0.85
x 102.5 13%
7 Mon. Clay Brick U 2450 x 2900 2 SB06 SB07 12% Centric Yes 0.73
x 102.5
8 Mon. Concrete U 2475 x 5615 2 DCO1 DCO02 18% Centric Yes 0.66
Block x 100
9 Mon. Clay Brick C 2475 x 2700 4 HWO1 HWO02 - 04 4%, 8%, Centric Yes 0.76-1
x 102.5 7%
de Vekey et al. 10 Mon. Brick [¢] 2600 x 5500 3 la-control la(i), 1a (ii) 27% (2) Centric Yes 0.77, 1.77
(1996)¢ x (Unknown)
11 Mon. Block [¢] 2600 x 5500 3 1b-control 1b(), 1b (ii) 27% (2) Centric Yes 0.93, 1.47
x (Unknown)
12 Mon. Brick C 2600 x 5500 2 2-control 2a (ii) 28% Centric Yes 1
x (Unknown)
Chen (2002)f 13 Mon. Unknown o 2800 x 5800 8 1 2-8 9%-27% Centric (5); Yes 0.68-0.89

x (Unknown)

eccentric (2)

(continued on next page)
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Table 1 (continued)

Testing campaign Groups  Testing Unit type Boundary Wall Number Serial number Opening Opening Opening The ratio of two-
method® conditions® dimensions of A A area (A eccentricity area covered way bending
Solid wall Walls with .
H,, x L, X t, samples 3 opening /A and loaded? capacity between
(mm) openings gross) the perforated wall
(s) and the solid
wall
Griffith and Vaculik 14 Mon./ Clay Brick O 2494 x 4200 2 Wall 1 Wall 3 12% Eccentric No 1.06
(2007) Cyc. x 110
15 Mon./ Clay Brick O 2494 x 4200 2 Wall 2 & Wall 5 12% Eccentric No 1.18
Cyc. x 110
Vaculik (2012) 16 Dyn. Clay Brick O 1232 x 1840 2 dih d3 13% Eccentric No 0.68
x 50
17 Dyn. Clay Brick O 1232 x 1840 2 dah d5 13% Eccentric No 0.65
x 50
Ravenshorst and 18 Cyc. Calcium o 2765 x 3986 2 TUD_COMP-  TUD_COMP-12 26% Eccentric No 1.49
Messali (2016) silicate x 102 11
Graziotti et al. 19 Dyn. Calcium o 2750 x 3980 2 CS-000-RF CSW-000-RF 27% Eccentric No 0.88
(2019) silicate x 102
Total - - - - - 65 - - - - - -

Remarks: a. Mon. = monotonic quasi static test; Cyc. = cyclic quasi-static test; Dyn. = dynamic test; b. U = top free; C = one vertical edge free; O = four-side constrained; c. reported by Chong [11]; d. speculated from information
provided in Ref. [11]; e. reported by Edgell and kjaer [31]; f. reported by Baker et al. [32]; g. the bottom edge of Wall 2 was less constrained than other samples, which caused OOP sliding; h. additional constraints were applied to
the vertical edges of d1 and d2.
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(@) . (® . © .

A Uniformly distributed - Masonry -
pressure

Fig. 2. Schematic diagrams of wall configurations and opening arrangements in the experiments: (a) solid wall; (b) perforated wall with opening area non-covered and
non-loaded; (c) perforated wall with the opening area covered with timber or glass plates, and loaded as the rest of the wall.

Opening area covered and
loaded

(@ (b)

Fig. 3. Yield line patterns: (a) solid wall; (b) perforated wall with a central window.

Fig. 2b; in the second case, the opening area is covered with timber or glass plates and loaded as the rest of the wall, as shown in Fig. 2c.
Although the intentions for these different arrangements have not been explained by the researchers, the former arrangement can be
considered representative of seismic scenarios, while the latter can be considered representative of wind-loaded scenarios. In this
paper, the two-way bending capacity of URM walls is defined as the peak pressure applied to the wall net area. In the case of the
opening area covered and loaded, the opening area is included in the wall net area. This definition has the following advantages over
defining the wall capacity in terms of the resultant force. First, it follows the conventions of the experiments and current standards such
as Eurocode 6 [24] and the Australian Standard [25] and is beneficial for future improvements on the analytical formulations. Second,
this definition reflects the most common loading conditions, namely evenly distributed loads caused by wind or earthquake, of URM
walls in OOP two-way bending. Third, comparisons of capacity among walls with various dimensions are possible with this definition
since it reflects the dissipated fracture energy per wall surface area.

Despite the database being diverse in terms of the testing method, unit type, boundary condition, wall aspect ratio and opening

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.8:12 1.6 2.0 24 2.8 32 3.6 08 12 16 20 24 2832 36
Opening length L, (m) Opening length L, (m)
@ (b)

Fig. 4. Normalised two-way bending capacity of the perforated wall to the solid wall based on YLM evaluations in two scenarios: (a) the opening is non-covered and
unloaded; (b) the opening is covered and loaded.
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Fig. 5. Sketch of experimental configurations of (a) Wall 1 and (b) Wall 3, respectively. “S” refers to being simply supported; “R” refers to being restrained by return
walls. Adapted from Ref. [14].

geometric parameters, the limited number of the perforated walls (only 49 samples) brings difficulty in generalising the experimental
observations to a wider application range. Besides, in most of the groups, only one perforated wall can be compared with the solid wall.
This can lead to doubts regarding the accuracy of the experimental results since high variability of material properties was widely
reported by the testing campaigns. What is more important, different groups draw contradictory conclusions regarding the influence of
the openings on the wall capacity. Some experimental results show that the presence of the opening increases the wall capacity, while
the others show the opposite. The review of the database shows that these contradictory results can be related to the arrangements of
the opening area, namely, whether the openings were covered and loaded. More details of the testing campaigns are elaborated in the
following.

The first recorded experiments on perforated URM walls in OOP two-way bending were conducted by British Ceramic Research
Association (BCRA) [27,28]. Although 15 perforated walls were tested, only 4 of them can be compared with a referencing solid wall
(group 1 in Table 1). Results show that the presence of openings reduces the two-way bending capacity of URM walls. Besides,
although walls of different aspect ratios with small (0.9 x 0.9 m?) and large (2.1 x 1.3 m?) openings were tested, the influence of the
opening size was unclear (Fig. 5 in Ref. [28]). The arrangements of the openings are ambiguous from available records [27,28]. In
Ref. [28], Haseltine and Tutt simply reported that the effect of glazing had been investigated on some walls with openings, and the
glazing of the openings had little impact on the wall capacity. Whether the opening area was loaded is unknown. Following BCRA’s
testing campaign, Tapp and Southcombe [10,29] conducted two groups of experiments. Results show that the presence of the openings
reduces the wall capacity, and the position of the opening has no effect on the wall capacity. The arrangements of the openings are

Elliptical compression cap

u I
PSSR NS SRS TRSESTIRSE E 4

1 7

/ v 7 1

7 2

1 7

I /’5 /rx 7
7 7
’ ’
,/ Relative displacements Stresses ,/
4 7
7 ¥
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(a) (W]
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1 G/ ke
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Fig. 6. Combined cracking-shearing-crushing model: (a) multi-surface plasticity model; (b) variables of the 3D interface elements; (b) tensile softening; (c)
shear softening.
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unknown. However, it can be assumed that since their successor Chong, who covered the opening area with chipboard and loaded it,
introduced his testing campaign as “a continuation of the work carried out by Tapp and incorporates a wider range of panels and
materials” (page 3 in Ref. [11]), it is reasonable to assume that Tapp and Southcombe applied the same arrangement to the openings.
Apart from this, Chong [11] observed a similar effect of the openings on the wall capacity (group 6-9 in Table 1). De Vekey et al. [30]
covered and loaded the openings. Based on comparable groups and available results (reported by Edgell and Kjaer [31]), it was found
that even though two identical walls with openings were tested, the effect of the openings on the wall capacity can be uncertain (group
10 and 11 in Table 1). Chen [13] tested URM walls with openings of various sizes and positions (group 13 in Table 1, reported by Baker
et al. [32]). With the openings covered and loaded, results again show that the presence of the openings reduced the two-way bending
capacity. However, a general pattern of the influence of the opening size and position cannot be found.

Different from previous researchers, Griffith and Vaculik [14,33] did not place any frame or covering board, except for the lintel, to
the opening area. Therefore, the opening area was non-covered and non-loaded. Counter-intuitively, the two-way bending capacity of
the perforated walls is higher than those of the referencing solid walls (groups 14 and 15). Here it should be noted that sample Wall 2 in
group 15 was not initially well constrained at the bottom edge as its counterpart, Wall 5, which has an opening. OOP sliding was
reported along the bottom edge of Wall 2 [16]. Therefore, the actual influence of the opening in this group is remaining questionable. A
similar testing campaign was carried out by Ravenshorst and Messali [15]. The experimental results (group 18) support the obser-
vations by Griffith and Vaculik. Vaculik [16] further conducted experiments on half-scale walls subjected to dynamic actions (groups
16 and 17). Though the openings were also non-covered as in his previous experiments, the presence of the openings reduces the wall
capacity. However, he also reported that additional timber supports were added to the vertical edges of the solid walls (samples d1 and
d2, page 72 in Ref. [16]), which could enhance the fixity of vertical boundary conditions, therefore increasing the wall capacity.
Graziotti et al. [17] performed dynamic tests on full-scale URM walls with the opening area left non-covered and non-loaded as well.
The reducing effect of the opening on the two-way bending capacity was relatively minor (group 19). A special observation of group 19
is that the crack patterns are quite different between the solid wall (CS-000-RF) and the perforated wall (CSW-000-RF). The former
collapsed due to the formation of long vertical line cracks passing through the bricks in the middle and vertical edges of the wall, while
the latter only formed local diagonal stepped cracks upon the upper portion of the longer panel beside the opening. This difference is
not found in previous testing campaigns in which the solid and perforated walls share the same crack pattern.

Concluding from the experimental database, it is found that, i) the influence of the openings on the wall capacity is related to the
arrangements of the openings in the experiments; if the openings were covered and loaded like the masonry part of the wall, the
presence of openings could reduce the wall capacity, whereas experiments with openings non-covered and not loaded showed higher
wall capacity as compared to a solid wall; ii) the results from the limited number of experimental samples cannot reveal the influence of
the geometric parameters of openings on the wall capacity. In an attempt to solve these problems, analytical and numerical methods
are adopted in the following sections.

3. Evaluation via Yield Line Method

Section 2 reveals that the arrangements of the opening area can affect the two-way bending capacity of walls. This section aims at
evaluating this aspect by applying the Yield Line Method (YLM). The YLM was firstly developed for reinforced concrete slabs and then
modified for URM walls by Haseltine et al. [34]. This method was then adopted by the British Masonry Standard [35] that was
withdrawn and inherited by Eurocode 6 [24]. However, there has been a longstanding argument that YLM tends to overestimate the
two-way bending capacity. This is due to its unrealistic assumptions that moment capacities are reached along all cracks simulta-
neously, and that the diagonal crack angle is an independent variable [16,36]. Nevertheless, some researchers have shown that YLM
can provide acceptable predictions if material properties and boundary conditions were carefully calibrated [28,37,38]. What is more
important, YLM is capable of including the openings after minor adaptions [32].

Pre-compression

(b)

Tyings alon ; d
egdes (Tx+Ty) @

Fig. 7. Modelling settings: (a) geometry, mesh, boundary conditions and loading of the model. Tx, Ty and Tz: d.o.fs constrained in X, Y and Z direction, respectively;
(b) mesh of a complete brick; (c) mesh of a half brick at the intersection; (d) mesh of interface elements.
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Table 2
Input parameters of bricks.
Elastic modulus E;, (MPa) Poisson’s ratio v Density p (kg/mm3) Tensile strength f;, (MPa) Fracture energy Glﬁb (N/mm)
52,700 0.16 1900 3.55 0.00355
Table 3
Input parameters of interface elements.
Regime Parameter Value
Elastic Normal stiffness k;, (N/mm3) 70
Shear stiffness kg (ktt) (N/mm3) 30
Poisson’s ratio v 0.16
Tension Tensile strength f, (MPa) 0.21
Mode-I fracture energy GfI (N/mm) 0.0105
Shearing Initial cohesion ¢, (MPa) 0.21
Mode-II fracture energy Gy T (N/mm) 0.105
Friction angle ¢ (rad) 0.523
Compression Compressive strength f. (MPa) 16

The YLM applied in this section is based on the method for reinforced concrete slabs [39]. The relatively more complicated YLM
presented in Refs. [37,38] and Eurocode 6 were not considered here. This aims at comparing the influence of different opening
characteristics by YLM via simple examples in a relative sense rather than precisely predicting the wall capacity. The assumptions are,
i) moment capacity (m) is equal along all presumed cracks; ii) cracks along boundaries are not considered (simply supported); iii) the
diagonal crack angle (0) is a constant; iv) the OOP load is evenly distributed on the wall; v) the plates divided by yield lines are rigid.
Two arrangements of the opening area mentioned in Fig. 2 were considered.

The presumed yield line patterns of a representative solid wall and wall with a central opening are presented in Fig. 3a and b,
respectively. In Fig. 3, H,, and L,, are the height and length of the wall, respectively; Hyp and Ly are the height and length of the opening,
respectively; m is the unit moment capacity of the yield lines; 6 is the diagonal crack angle; § is the virtual OOP displacement. About the
solid wall (Fig. 3a), the internal work dissipated along the yield lines is summed as:

Testing results

54 - Numerical results 5] -

Testing results
------ Numerical results

Out-of-plane load (kPa)
w
Out-of-plane load (kPa)
w

24 2+ e
— T
14 14 "‘
- - =
i = 2
0 T '_'I—%-IH_'_‘ 0 T T
0 5 10 15 0 5 10 15
Displacement (mm) Displacement (mm)
(2) (b)

—
gy
o,

© ()

Fig. 8. Calibration and validation based on Wall 1 and Wall 3, respectively: (a) and (b): comparisons of load-displacement curves of Wall 1 and Wall 3, respectively.
Testing results are from Ref. [14]; (c) and (d): crack pattern of numerical models of Wall 1 and Wall 3, respectively. Concerning the crack pattern, cracks where f;
reduces to its 1/100 are marked in red. Deformation scaling factor: 20. Positions of recorded displacements are marked with blue dots. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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1 L
=4 ———+ 2 _cot0 s 1
Wo (sin 0 cos 0+Hw «© ) " m
The external work done by the OOP uniformly distributed pressure w is:
1 1,
Wext = EHWLW - gHw cot @ )éw (2)

Equating the internal and external work, the two-way bending capacity w can be determined.
Similarly, in the scenario where the opening area is non-covered and unloaded, the internal work dissipated along the yield lines of
the perforated wall (Fig. 3b) is:

Lw - LO
Wiw=4 ———= |5 3
<Hw(cos 6)2> " @

Correspondingly, the external work is:

2 3
W = (% LO(HH;%) +%tan O(L, — Lo) — é(tan 9)2%> ow @

In the scenario where the opening is covered and loaded, the external work done by the OOP pressure is calculated by Equation (2),
while the internal work dissipated by the yield lines is calculated by Equation (3).

A parametric study was conducted selecting Wall 1 in Ref. [14] as reference. The dimensions of the wall are wall-length L,, = 3960
mm; wall height H,, = 2494 mm. The diagonal crack angle (¢), which equals 0.622 rad, was calculated based on the dimensions of the
units and the bonding pattern as suggested by AS3700 [25]. The dimensions of the opening are limited to the following conditions
considering the presumed crack pattern presented in Fig. 3b:

Hw - HO

T L. <tan@Ly > L, — H,cotd Hy < H, Ly <L, (5)
w — L0

The normalised two-way bending capacity of the perforated wall to the solid wall (w, /w;) is presented in Fig. 4. Provided that the
opening is non-covered and non-loaded, YLM predicts that the presence of the opening can increase the wall capacity (w, /w; > 1) in
most cases. Besides, the two-way bending capacity of the perforated wall increases as the height or length of the opening increases.
Fig. 4b indicates that the presence of the opening weakens the two-way bending capacity (Wopening /Wsotia < 1) in all cases where the
opening area was covered and loaded. Additionally, the two-way bending capacity decreases as the opening length increases but is not
affected by the opening height. The general tendency of the influence of the openings on the wall capacity predicted by YLM is in
accordance with the experimental observations reported in Section 2.

4. Numerical modelling: calibration and validation

4.1. Experimental benchmarks

Two walls, Wall 1 and 3, from the quasi-static monotonic airbag experiments carried out by Griffith and Vaculik [14] were selected
as benchmarks. This testing campaign was selected because it provides the most complete testing records including the material

e

Wall 4 Wall 5 Wall 6 Wall 7 Wall 8
o,= 0.05 MPa o,= 0 MPa Top free o,= 0.1 MPa o,=0MPa

Fig. 9. Comparison of crack patterns between the testing samples Wall 4-8 and the corresponding numerical models. First and second rows: crack patterns from the
experimental results [14] and numerical models, respectively. Pre-compression (,) of each wall is marked at the bottom.
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Table 4

Comparison in terms of two-way bending capacity between the numerical and experimental results.
Wall Two-way bending capacity of

Experimental results w,,, (kPa) Numerical results Wy, (kPa)

1 4.76 4.73
3 5.05 5.32
4 3.91 4.65
5 3.59 4.01
6 1.97 2.44
7 8.71 10.36
8 8.52 8.17

Mean Absolute Percentage Error <l Z M) 1 11%.
n [Wes |

I SRR EERRER
FEezEEezEEEsssEessy -

T

Continuum model 3D detailed Brick-to- 3D simplified Brick-to-
brick Model brick Model

Fig. 10. The geometry of models and zoom-in view of masonry constituents by various approaches.

properties, load-displacement curves under pushover tests and the most realistic boundary conditions among the other comparable
perforated and solid walls (Section 2). The sketch of the experimental configurations is shown in Fig. 5. These single-wythe stretch-
er-bond walls were made of 230 x 110 x 76 mm?® clay bricks and 10 mm-thick mortar joints. Both walls were 2494 mm high and 4080
mm long. Wall 1 is solid, while Wall 3 has an opening with dimensions of 946 x 1200 mm? (Fig. 5b). The opening area was
non-covered. Both walls were simply supported along the top and bottom edges of the main wall. 480 mm-long return walls were built
along the lateral edges of the main wall. C-shape steel channels were used to constrain the lateral edges of the return walls and were
simply connected to the supporting frame. On the top of the walls, pre-compression (s,) of 0.1 MPa was applied followed by evenly
distributed OOP pressure on the outer surface of the masonry, implemented by airbags (Fig. 5). For more details of the experimental
configurations, readers are referred to Refs. [14,16].

4.2. Modelling approach and calibrated input parameters

In this study, a 3D simplified brick-to-brick modelling approach was adopted for the simulation of the wall behaviour. With this
approach, the bricks are extended in height and length and modelled with solid elements, while the mortar joints are simplified as zero-
thickness interfaces. The combined cracking-shearing-crushing model formulated by Lourenco and Rots [40] was applied to the
zero-thickness interface elements. The model is based on multi-surface plasticity, comprising a Coulomb friction model combined with
a tension cut-off and an elliptical compression cap. The 3D version of this model, enhanced by Van Zijl [41] is presented in Fig. 6a.
Variables related to the 3D interface elements are shown in Fig. 6b. A detailed discussion about the modelling process, which includes a
detailed analysis of the wall performance together with a sensitivity study on the mesh size and material properties, are reported in a
previous study by the authors [22]. For the sake of conciseness, only key aspects of the numerical modelling are introduced in the
following sections.

Within the elastic regime, the relation between the normal stress ¢ and the normal relative displacement u, and that between the
shear stress 7 (7;) and the shear relative displacement v, (v;), are described as follows:

10
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Table 5
Input parameters for various modelling approaches.

Journal of Building Engineering 51 (2022) 104222

Constitutive models

Input parameters”

Modelled constituents of

Continuum 3D detailed model 3D simplified
model model
Masonry Brick Mortar  Interface  Brick Interface
Rotating smear cracking Linear material properties Elastic modulus (N/ 7080 52,700 442 - 52,700 -
model mm?)
Poisson’s ratio 0.16 0.16 0.16 - 0.16 -
Tensile behaviour Tensile strength (N/ 0.205 3.55 3.92 - 3.55 -
(exponential softening) mm?)
Mode-I fracture energy 0.0328 0.355 0.036 - 0.355 -
(N/mm)
Compressive behaviour Compressive strength 16 Elastic 17 - Elastic -
(parabolic) (N/mm?)
Compressive fracture 31.5 34 - -
energy (N/mm)
Combined cracking- Linear material properties Normal/Shear stiffness - - - 140/60 - 70/30
shearing-crushing (N/mm?®)
model Tensile behaviour Tensile strength (N/ - - - 0.21 - 0.21
(exponential softening) mm?)
Mode-I fracture energy - - - 0.01 - 0.01
(N/mm)
Shear behaviour Cohesion (N/mm2) - - - 0.21 - 0.21
(exponential softening) Friction angle (rad) - - - 0.523 - 0.523
Mode-II fracture energy — — - - 0.105 - 0.105
(N/mm)
Compressive behaviour Compressive strength - - 16 - 16
(hardening-softening) (N/mm?)
Compressive fracture - - - 31.5 - 31.5

energy (N/mm)

@ The values of the input parameters are from the experimental records [14,16] or are calibrated according to recommendations from the literature [48,49].

b
1

Out-of-plane load (kPa)
W
1

[y
1

Testing results

------ Continuum model

------------- 3D detailed brick-to-brick model
—-—--3D simplified brick-to-brick model

Fig. 11. Load-displacement curves of various modelling approaches.

o kw O 07 (Y
7y =10 ks 0 |{y,
7 0 0 kL,

t

T T T T
2 4 6 8 10
Displacement (mm)

with kn, and kg (ki) the normal and shear stiffness of the interface elements, respectively.
The tensile stress beyond the tensile strength f; is assumed to soften exponentially (Fig. 6¢):

It

iy
o=fe

with Gfl the Mode-I fracture energy.

11

12

(6)
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crack pattern
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of solid ofinterface  (solid elements) mortar joints (solid interfaces (interface  model (interface
clements  elements elements) clements) clements)

Fig. 12. Comparison of the crack patterns from various modelling approaches. Crack patterns are taken when the wall central point reaches a displacement of 8 mm.
Deformation scale factor: 20.

Table 6
Comparison of the computational efficiency of the modelling approaches.
Modelling approach Continuum model 3D detailed brick-to-brick model 3D simplified brick-to-brick model
Number of solid elements 4089 14,535 4089
Number of interface elements - 25,662 5775
Time to reach a displacement of 8 mm" 1 h 9 min 23 h 15 min 4 h 18 min

@ The processor of the employed desktop is Intel(R) Xeon(R) CPU E5-1650.

Model 1

Model 3 Model 4 Model 5

Models

OOP pressure

Remarks Opening uncovered Shell elements representing Solid elements representing Equivalent shear loading on  Panel beside the opening
frame & opening frame & opening frame

Crack
pattern at
two-way
bending
capacity

Normalised wall 1.10
capacity w, / w;

Fig. 13. Numerical models considering various arrangements of the opening area and corresponding modelling results. Deformation scale factor: 50.
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Fig. 14. Geometric parameters related to the wall with a window or door.
The Coulomb friction mode is described by:
T=0-tang + ¢ (8)

where c is the cohesion of the brick-mortar interface and ¢ is the friction angle.
The initial cohesion of the interface softens exponentially (Fig. 6d):

c=cpe I 9

with ¢ and Gf T the initial cohesion of the brick-mortar interface and Mode-II fracture energy, respectively.

The compressive stress hardens till reaching the compressive strength f, followed by softening. In this research, since very limited
compressive failure was observed within mortar joints in the experiments, and also because the compressive strength of masonry is
relatively high, the compressive failure in the numerical models is trivial.

L-DOOR

H,L,=0.6
Central window

HJL,=0.6
Central door

(a) (b)

S-WIN S-DOOR

HJL,=1.0
Central window

HJ/L,=1.0
Central door

© (d)

Fig. 15. Four types of models studying the influence of the opening size: (a) L-WIN, H,,/L,, = 0.6, central window; (b) L-DOOR, H,,/L,, = 0.6, central door; (c) S-WIN,
H,/L,, = 1.0, central window; (d) S-DOOR, H,,/L,, = 1.0, central door.
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The rotating smeared cracking model (e.g. Refs. [42,43]) was used to simulate the cracking of the bricks. Due to the general absence
of compression failure in bricks for OOP two-way bending experiments, a linear behaviour in compression was adopted for the bricks.
In the tension regime, an exponential softening was adopted:

i/

£

her

ci=fye T (10)

with o7 and ¢; the stress and strain along the maximum principal direction, respectively; fp the tensile strength of bricks; G .p the Mode-
I fracture energy of the bricks, and h,, the crack bandwidth.

Numerical modelling was carried out with the finite element software DIANA 10.4 [44]. Wall 1 was selected for calibration of the
numerical model. Clay bricks were extended in dimensions from 230 x 110 x 76 mm® to 240 x 110 x 86 mm® and were modelled with
20-node quadratic solid elements. Mortar joints were modelled with zero-thickness 8-node quadratic interface elements. The mesh of
the model was shown in Fig. 7a. A complete brick was meshed in 2, 1 and 3 divisions in length (l,), height (h,) and thickness (t,)
directions, respectively (Fig. 7b). At the intersections of the main wall and the return walls, half bricks were meshed in a refined
manner (3 x 1 x 3 divisions) to avoid irregular meshed shapes (Fig. 7c). The mesh manner of the interface elements follows that of the
brick surfaces (Fig. 7d).

Fig. 7a shows the boundary conditions of the model. The wall was restrained translationally in Y direction (OOP direction). The
bottom face of the wall was connected to the environment using boundary interface elements that shared the same material properties
as the other interface elements and were constrained along the Z direction. For the return walls, the translation along the Y direction
was constrained at the central lines. Additionally, on the left return wall at the central lines, translations along X direction were
constrained to prevent rigid body movements. Besides, the edges of the outer surfaces of the return walls were tied in X and Y directions
so that these surfaces can keep plane when they rotate (Fig. 7a).

The wall was initially applied with self-weight and pre-compression in two sequential steps. Next, evenly distributed loads were
applied to the exterior face of the main wall in fixed step sizes. This load was arc-length controlled with the Quasi-Newton iterative
method. The central point of the main wall was selected as the control point.

The calibrated input parameters of the bricks and interface elements are summarised in Table 2 and Table 3, respectively. More
details regarding the calibrating procedure can be found in Ref. [22].

4.3. Calibration and validation of the numerical models

The calibration and validation of the numerical models are based on the solid Wall 1 and the perforated Wall 3 from Ref. [14],
respectively. The numerical models share identical settings. For Wall 3, the opening was left non-covered and non-loaded; only the
masonry part was loaded. The results are shown in Fig. 8 in terms of the out-of-plane pressure versus out-of-plane displacement. The
calibration shows that the numerical model matches well with the testing results in terms of initial stiffness, two-way bending capacity
and crack pattern. This suggests that the boundary conditions and materials are accurately calibrated. The numerical model is vali-
dated by the simulations of Wall 3 (Fig. 8b and d). On the other hand, the post-peak pressure drops more sharply than that in the
experiment. This phenomenon has also been observed by Karimi Ghaleh Jough and Golhashem [45] who also used the 3D simplified
brick-to-brick modelling approach to predict the two-way bending capacity of URM walls in OOP two-way bending. In fact, according
to the shake-table tests by Graziotti et al. [17] and monotonic static tests by Lawrence [46] on the URM walls in OOP two-way bending,
the wall capacity decreased sharply after reaching the peak. The model validation is here reported for perforated walls, namely Wall
4-8 from the same testing campaign. Fig. 9 shows that the numerical models precisely capture the crack patterns of the walls.

Table 7
All cases corresponding to four modelling types.

Long walls with windows (L-WIN) Long walls with doors (L-DOOR)

Case Opening area® (mm?) Opening size ; ° Case Opening area (mm?) Opening size 5
L-WIN-SZ1 840 x 602 0.21 L-DOOR-SZ1 840 x 1548 0.21
L-WIN-SZ2 1080 x 774 0.27 L-DOOR-SZ2 1080 x 1634 0.27
L-WIN-SZ3 1320 x 946 0.33 L-DOOR-SZ3 1320 x 1720 0.33
L-WIN-SZ4 1560 x 1118 0.39 L-DOOR-SZ4 1560 x 1806 0.39
L-WIN-SZ5 1800 x 1290 0.45 L-DOOR-SZ5 1800 x 1892 0.45
L-WIN-SZ6 2040 x 1462 0.52 L-DOOR-SZ6 2040 x 1978 0.52
L-WIN-SZ7 2280 x 1634 0.58 L-DOOR-SZ7 2280 x 2064 0.58
L-WIN-SZ8 2520 x 1806 0.64 L-DOOR-SZ8 2520 x 2150 0.64

Short walls with windows (S-WIN) Short walls with doors (S-DOOR)

Case Opening area (mm?) Opening size 5 Case Opening area (mm?) Opening size 5
S-WIN-SZ1 720 x 516 0.30 S-DOOR-SZ1 720 x 1548 0.30
S-WIN-SZ2 960 x 688 0.40 S-DOOR-SZ2 960 x 1634 0.40
S-WIN-SZ3 1200 x 860 0.50 S-DOOR-SZ3 1200 x 1720 0.50
S-WIN-SZ4 1440 x 1032 0.60 S-DOOR-SZ4 1440 x 1806 0.60
S-WIN-SZ5 1680 x 1204 0.70 S-DOOR-SZ5 1680 x 1892 0.70
S-WIN-SZ6 1920 x 1376 0.80 S-DOOR-SZ6 1920 x 1978 0.80

@ Opening area: Hy x Lo
b Opening size: § = Lo/Ly,
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Fig. 16. Out-of-plane pressure versus mid-span displacement of L-WIN cases. For all cases, the mid-span displacement is calculated at the location of the control point
for wall L-WIN-SZ8 (red dot in the figure above). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 17. The influence of the opening size # on the normalised two-way bending capacity: (a) for long walls (L-WIN and L-DOOR); (b) for short walls (S-WIN and

S-DOOR).
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Fig. 18. The influence of the opening size 5 on the out-of-plane force: (a) of long walls (L-WIN and L-DOOR); (b) of short walls (S-WIN and S-DOOR).

Additionally, the numerical models predict the two-way bending capacity to a quite reasonable extent, with a Mean Absolute Per-
centage Error of 11% (see Table 4). Therefore, the numerical model is considered to be suitable for this study. For more details about
the calibration and validation of the numerical models, readers are referred to Ref. [22].

4.4. Comparison with other modelling approaches

In this section, the results of the 3D simplified brick-to-brick modelling are compared with those of the other two commonly used
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Fig. 20. Crack patterns of selected cases of modelling types S-WIN and S-DOOR at the two-way bending capacity.

modelling approaches, namely, continuum modelling and 3D detailed brick-to-brick modelling. With the continuum modelling, bricks
and mortar joints are not distinguished, and the masonry structure is modelled as a continuum body. With the detailed brick-to-brick
modelling, both mortar joints, bricks and interfaces between them are modelled according to real dimensions [47]. The comparison is
based on the solid Wall 1 used for the model calibration in Section 4.3. The mesh size, geometry, boundary and loading conditions are
kept unchanged. The geometry of models and zoom-in view of masonry constituents are presented in Fig. 10. Regarding the consti-
tutive models, for the 3D detailed brick-to-brick modelling, the combined cracking-shearing-crushing model is assigned to the in-
terfaces between mortar joints and bricks, while the rotating smeared cracking model is assigned to the mortar joints and bricks. For
the masonry in the continuum model, the rotating smeared cracking model is assigned. The input parameters for the constitutive
models are from the experimental records [14,16] or are calibrated according to recommendations from the literature [48,49]. Details
about the input parameters are listed in Table 5. Note this section aims to simply compare the computational efficiency and the ability
to capture the crack patterns of the modelling approaches. A comprehensive comparison is out of the scope of this study and is
suggested to be investigated in separate research.
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Fig. 21. The area of the cracked interfaces per unit wall area of (a) L-WIN and (c) S-WIN cases; the percentage of each grouped cracked interfaces per unit wall net
area of (b) L-WIN and (d) S-WIN cases.

Fig. 11 presents the load-displacement curves of various modelling approaches. The continuum model predicts a lasting increase of
load after the peak, which is against the testing results. The 3D detailed and simplified brick-to-brick models predict similar trends
about the load-displacement relations and are closer to the testing results. Note that varying the input parameters of the constitutive
models can result in different load-displacement curves, but will not change the general crack patterns predicted by the modelling
approaches. Fig. 12b shows that with the continuum model, the crack patterns are roughly presented in several wide banded areas on
the wall surface. By contrast, both the simplified and detailed brick-to-brick modelling can locate the cracks between the bricks
therefore precisely predicting the crack patterns (Fig. 12c—e). The detailed modelling can further predict the failure of mortar joints
that are not modelled in the simplified modelling (Fig. 12c). Table 6 compares the computational efficiency of the modelling ap-
proaches. When the central point of the wall reaches a displacement of 8 mm, the continuum model consumes the least time (1 h 9
min), the 3D simplified brick-to-brick model requires a longer period, over 4 h, while the 3D detailed modelling is almost 6 times
slower than the simplified model (over 23 h). This can be explained by the number of elements in various models. Though the meshing
size is the same among the models, the continuum model consists of the least number of elements, since only solid elements are
necessary. By contrast, the simplified model has not only an equivalent number of solid elements as the continuum model but also an
extra amount of interface elements, which significantly increases the computing time. The numbers of the solid and interface elements
of the detailed model are nearly 4 and 5 times those of the simplified model, respectively. This is because the mortar joints and ad-
hesions between the bricks and mortar joints are both modelled in the detailed model, which significantly increases the amount of the
elements. Besides, all the elements are assigned with physical nonlinearity. Therefore, the detailed model consumes much longer time
than the other two approaches. Overall, the 3D simplified brick-to-brick modelling is the most suitable for the scope of this research,
considering its ability to precisely capture the crack patterns in URM walls with a reasonable computational time.

5. Various arrangements of the opening area

To examine the effect of different arrangements of the opening area on the two-way bending capacity of URM walls, five numerical
models labelled Model 1-Model 5 were created, as shown in Fig. 13. The modelling configurations were the same as those in Section 4.
In Model 1 the opening was non-covered and non-loaded, which follows Wall 3 in Griffith and Vaculik’s experiments [14]. In Model 2,
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Fig. 22. Deformation profiles at the mid-height of walls reaching the two-way bending capacity: (a) L-WIN; (b) L-DOOR; (c) S-WIN; (d) S-DOOR.
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Fig. 23. Comparisons between different scenarios.

the outer face of the opening area was covered with linear elastic shell elements of which the thickness was set as 18 mm and the elastic
modulus was set as 10,000 N/mm?. These mechanical attributes follow those of a timber plate, as in Ref. [11]. In Model 3, shell el-
ements were replaced with solid elements of which the elastic modulus was set as 1000 N/; mm?. The opening was connected with the
wall via interface elements. This arrangement takes the interaction between the opening frame and the masonry part into account. In
Model 4, an equivalent load, g, was applied to four faces along the surrounding area of the opening. This arrangement is similar to that
from the YLM calculation by Baker et al. [32]. The equivalent load g.q was calculated by

q-Ho- Lo
_ 11
%= 3 Hy + Loty an

where q is the load applied to the wall; Hp and Lo are the opening height and length, respectively; t, is the wall thickness. Model 5
simulates the behaviour of the panel beside the opening as an independent C shape wall (one vertical edge free); this aims at examining
additional checks required by the Australian Standard (article 7.4.4.1 (e) in Ref. [25]).
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Fig. 24. Sketches of models and cases with respect to the influence of opening shape.
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Fig. 25. Influence of the opening shape on the two-way bending capacity. Cases based on (a) L-WIN; (b) S-WIN. The contour plots are interpolated based on the
data boundary.

The modelling results are presented in Fig. 13. The normalised two-way bending capacity of the perforated wall to the solid wall (w;,
/ws) shows that if the opening area is non-covered, the presence of the opening increases the two-way bending capacity, as observed
from Model 1. If the panel beside the opening is independently considered, as in Model 5, the two-way bending capacity is even higher
than that of Model 1. In contrast, the two-way bending capacity reduces if the opening area is covered and loaded, even though the
opening is covered in different ways, as shown in Model 2, 3 and 4. The crack pattern shows that if the opening is non-covered, the
diagonal cracks do not develop sufficiently at two-way bending capacity, as shown in Model 1 and 5. Differently, in Model 3 and 4, the
diagonal cracks develop more sufficiently at two-way bending capacity. While in Model 2, diagonal cracks develop slightly at two-way
bending capacity, even though its opening area is covered as in Model 3. The differences among the crack patterns are attributed to
different local failure mechanisms triggered by the arrangement of the opening area. Overall, the numerical models validate the
contradictory trends of the influence of openings on the two-way bending capacity caused by various arrangements of the opening
area, as observed from experimental results and YLM evaluations.

6. Influence of opening

In this section, the influence of the opening on the two-way bending capacity of URM walls is numerically studied. The opening
areas are non-covered and non-loaded in numerical models as in Model 1 in Section 5. This arrangement is considered because in
seismic scenarios, dynamic loads majorly take effect on the masonry part rather than the opening since the mass of the former is much
larger than the latter. Three parameters related to the opening, i.e. size, shape and position, which can fully determine the opening
geometry, are explored separately. As shown in Fig. 14, these parameters are defined in the following ways in this study. The opening
size is defined as the normalised length of the opening to that of the wall (y = Ly/Ly,). The opening shape is defined as the aspect ratio
(a* = Hyp/Lyp) for windows. For doors, a nominal height Hyp* is defined as (2Hy-H,,), which is equivalent to the height of a window
located at the mid-height of the wall. In this way, the aspect ratio of the doors is defined as (a* = Hy*/Lo) which makes the shape and
position of the doors comparable to those of the windows. The opening position is defined as the normalised horizontal and vertical
distances from the opening centroid to the left and bottom edges of the wall, respectively:

x—Ly/2 Loy Ly
x€<2, W 2)

A=
L, —-L

(12)
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Fig. 27. Area of the cracked interfaces (a) and the percentage of each grouped cracked interfaces (b) per unit wall net area of selected cases.
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where x and y are the absolute horizontal and vertical distances from the opening centroid to the left and bottom edges of the wall,
respectively. With this definition, both 1, and 1, range from 0 to 1.
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Fig. 29. Influence of opening position on two-way bending capacity. Cases based on (a) L-WIN-SZ3; (b) S-WIN-SZ2.

6.1. Influence of opening size

6.1.1. Modelling types and cases

Four modelling configurations were designed to study the influence of the opening size, as shown in Fig. 15. The modelling
configurations are labelled in such ways: L and S denote a long wall with an aspect ratio (H,,/L,,) of 0.6 and a short wall with an aspect
ratio of 1.0, respectively; WIN and DOOR denote a central window and central door, respectively. For each configuration, different
opening sizes were considered, as shown in Table 7. The aspect ratios of the windows and doors are constant according to previous
definitions.

6.1.2. Influence of opening size on the two-way bending capacity

The OOP pressure versus the mid-span displacement curves of L-WIN cases are shown in Fig. 16. In this figure, the OOP pressure is
shown with regard to the wall net area. The middle point of the top edge of L-WIN-SZ8 is selected as the displacement control point.
The control points of the other cases are of the same position on the walls. Fig. 16 shows that as the opening size increases, both the
initial stiffness and the two-way bending capacity of the wall increase. Besides, at the same position of all walls (red dot, namely the
displacement control point marked in Fig. 16), when reaching the two-way bending capacity, the deflection becomes larger as the
opening size increases. This finding is counter-intuitive but is in accordance with similar numerical studies by Nasiri and Liu [23] and
Liberatore et al. [50]. The influence of the opening size (1) on the two-way bending capacity is shown in Fig. 17. The two-way bending
capacity in terms of pressure on the net area of the perforated wall is normalised by dividing the capacity of the corresponding solid
wall. The figure shows that, assuming that the opening area is non-covered and non-loaded, increasing the opening size leads to an
increase of the two-way bending capacity at an approximately exponential pace regardless of the wall aspect ratio and the opening type
(window or door). For all cases the trend is similar. For long walls (H,,/L,, = 0.6), given a certain opening size, the normalised two-way
bending capacity increases slightly when windows are replaced by doors, as shown in Fig. 17a. In contrast, for the short walls (H,,/L,,
= 1.0), as the opening size increases, the two-way bending capacity of the wall with a door increases a bit more as compared to that of
the wall with a window (Fig. 17b). In Fig. 18, the influence of the opening size on the OOP force is compared. The OOP force is
calculated as two-way bending capacity timing the wall net area. Fig. 18 shows that for all four modelling types, compared with the
solid wall, the OOP force decreases firstly as the opening size increases. When the opening size increases to a certain degree, the OOP
force increases as the opening size increases, even though the wall net area keeps reducing.
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Fig. 30. The influence of the opening position on the crack pattern of the long walls (L-WIN-SZ3). Within each grey-dot-lined box, the crack patterns at the two-way
bending capacity and the end of the analysis are shown to the left and right, respectively.

6.1.3. Influence of opening size on crack pattern

Fig. 19 and Fig. 20 present the crack patterns of selected cases at the two-way bending capacity. In these figures, cracks start to
develop when the normal relative displacement (crack width u) is larger than 0.003 mm; cracks are considered to be fully developed
when the tensile stress reduces to 1% of the tensile strength, which corresponds to a crack width u of 0.233 mm. For all cases of each
modelling configuration, the presence of an opening does not alter the positions of the major diagonal cracks and horizontal bottom
cracks. Different trends are observed between the long and short walls. For the long walls, as the opening size increases, the diagonal
cracks on the top corners have more fully opened, and multiple diagonal cracks appear around the bottom corners. In contrast, these
trends are relatively subtle concerning the short walls.

The area of the cracked interfaces per unit wall area of L-WIN and S-WIN cases are shown in Fig. 21a and c, respectively. For each
wall, the cracked interfaces were grouped by the normal relative displacement (u) considering partially cracked (0.003 mm < u <
0.233 mm) and fully cracked (u > 0.233 mm) interfaces. The gross area of each cracked interfaces group was divided by the wall net
area. Results show that for both the long and short walls, the summed area of the cracked interfaces per unit wall area increases as the
opening size increases. The increment for the long walls is larger than that for the short walls. For all cracked interfaces with regard to
each wall, the percentages of each grouped cracked interfaces per unit wall area are shown in Fig. 21b and d for L-WIN and S-WIN
cases, respectively. Results show that as the opening size increases, within per unit wall area, the percentage of the cracked interface
with large normal relative displacement (u > 0.210 mm) increases, while the percentage of the cracked interface with smaller normal
relative displacement decreases (0.003 mm < u < 0.026 mm) or remained constant (0.026 mm < u < 0.072 mm). The results presented
in Fig. 21 imply that as the opening size increases, more cracks have fully opened per unit area of the wall, therefore dissipating more
fracture energy and leading to a higher two-way bending capacity.

6.1.4. Influence of opening size on deformation profile

At the two-way bending capacity, deformation profiles at the mid-height of the walls with openings non-covered are presented in
Fig. 22. For long walls (H,,/L,, = 0.6), deformation at mid-height generally increases as the opening size increases (Fig. 22a), although
some deviations are shown for walls with similar opening size, e.g. SZ1-SZ3 of L-WIN and SZ3-SZ6 of L-DOOR. In contrast with the long
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Fig. 31. The influence of the opening position on the crack pattern of the short walls (S-WIN-SZ2). Within each grey-dot-lined box, the crack patterns at the two-way
bending capacity and the end of the analysis are shown to the left and right, respectively.

walls, at the same position of the short walls (H,,/L,, = 1.0), the increase of the opening size only increases the deformation slightly.
The deformation profile can be roughly related to the summed cracked interfaces per unit wall area. As the opening size increases, for
the long walls, both the summed area of cracked interfaces per unit wall area and the deformation profile increase; for the short walls,
these two variables only increase slightly.

6.1.5. Comparison of the influence of the opening size with different arrangements

In this section, the influence of opening size is studied considering the arrangement of covered and loaded opening areas. The cases
of long walls with a window opening are considered (L-WIN). The loading of the opening area is simulated by equivalent loads along
the surrounding surfaces of the opening (Model 4 in Section 5). Fig. 23 shows that when the opening area is loaded, as the opening size
increases, the normalised two-way bending capacity w,/w;s decreases followed by a constant value. The difference between these and
previous results can be explained as follows. When the opening area is non-covered and non-loaded, as the opening size increases, the
bending moments caused by the OOP loads distribute more evenly on the masonry part of the wall. Therefore, the initial stiffness and
ductility of the wall increase. Consequently, the wall dissipates more energy, thus reaching a higher two-way bending capacity
compared to the solid wall. In contrast, when the opening area is covered and loaded, extra high bending moments carried by the
opening area are imposed on the wall. These bending moments are distributed by the masonry parts, which leads to the reduction of
the normalised two-way bending capacity.

6.2. Influence of opening shape

6.2.1. Modelling types and cases

In this section, the influence of the opening shape is studied. Based on each case of the long and short wall with a central window (L-
WIN and S-WIN) from Section 6.1.1, the aspect ratio of opening (a*) was varied while the opening size () and position (1, 4,) were
kept constant. In total, 42 cases were studied including 14 cases from Section 6.1.1. The sketches of models and aspect ratios of all cases
are present in Fig. 24.
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Fig. 33. Evaluations of the influence of the opening size and horizontal position on the two-way bending capacity by (a) AS3700 and (b) proposed equations.

6.2.2. Influence of opening shape on two-way bending capacity

The influence of the opening shape on the two-way bending capacity is shown in Fig. 25. For long walls, when the opening size is
constant, the two-way bending capacity increases as the opening aspect ratio increases. Besides, this increasing effect is small when the
opening size is small (7 = 0.27), increasing the normalised two-way bending capacity (wp/ws) from 1.01 to 1.19 as the opening aspect
ratio a* increases from 0.72 to 2.15. In contrast, this increasing effect is relatively large when the opening size is large, increasing the
normalised two-way bending capacity from 1.34 to 2.17 as the opening aspect ratio increases from 0.24 to 0.72. For short walls, when
the opening size is smaller than 0.4, the two-way bending capacity decreases first then increases again as the opening aspect ratio
increases. When the opening size is larger than 0.4, the two-way bending capacity constantly increases with the increase of the opening
aspect ratio.

6.2.3. Influence of opening shape on crack pattern

The influence of the opening shape on the wall crack pattern at the two-way bending capacity is shown in Fig. 26. Cases of the long
walls with the opening size of 0.27 and 0.58, and of the short walls with the opening size of 0.4 and 0.7 are selected. Each column
presents cases with the same wall aspect ratio and opening size, but varied opening shape. A general tendency observed is that the
locations of the major diagonal cracks remain the same as the opening shape changes. In some cases, secondary diagonal cracks, which
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are parallel with the major diagonal cracks, can originate from the top corners of the openings, especially with short walls.

The area of the cracked interfaces and the percentage of each grouped cracked interfaces per unit wall area is presented in Fig. 27a
and b, respectively. For long walls and short walls with large opening sizes, both the area of the cracked interfaces per unit wall net area
and the percentage of larger cracked interfaces increases with the increase of the opening aspect ratio. In contrast, for short walls with a
small opening, the area of the cracked interfaces per unit wall net area decreases first and then increases as the opening aspect ratio
increases. This implies that by increasing the opening aspect ratio, a larger number of integration points are fully cracked; this results in
a higher dissipation of fracture energy and results in a higher two-way bending capacity.

6.3. Influence of opening position

6.3.1. Modelling types and cases

The influence of the opening position is studied in this section. Two models, Type L-WIN-SZ3 and Type S-WIN-SZ2 from Section
6.1.1 were selected as reference models. For each reference model, the size and shape of the opening were constant, while the opening
position varied. Since the walls are symmetric, the position of the opening only varies on one side. In Fig. 28, the cases are labelled as
“PTXX”, and the coordinates of the opening centroids are marked with (1, 4y) as defined at the beginning of Section 6.

6.3.2. Influence of opening position on two-way bending capacity

The influence of the opening position on the two-way bending capacity is presented in Fig. 29. Results of cases PT11, 21, and 31 are
mirrored to the other symmetric half of the walls. Results show that the influence of the opening position on the two-way bending
capacity is limited. For the long walls, the varying opening position causes the normalised two-way bending capacity to change be-
tween 1.01 and 1.15. Similarly, for short walls, a variation of the normalised two-way bending capacity between 1.02 and 1.14 is
observed. Regardless of the wall aspect ratio, walls with an opening located on the bottom corner show the lowest capacity, while walls
with an opening centrally place show the highest capacity.

6.3.3. Influence of opening position on crack pattern

The influences of the opening position on the crack patterns of the long walls and short walls are presented in Fig. 30 and Fig. 31,
respectively. In the grey-dot-lined boxes of each figure, the crack patterns of each case at the two-way bending capacity are shown to
the left, and those at the end of the analysis are shown to the right to provide a reference on the further development of the crack
patterns. Unlike the opening size and shape, the opening position can modify the crack pattern to some degree. For the long walls,
when the opening is located at the bottom or top corner (L-WIN-PT11 or L-WIN-PT31), a major diagonal crack that should appear in its
corresponding solid wall is missing, and the two-way bending capacity is the lowest. If the opening is located at the central left part (L-
WIN-PT21), the diagonal crack above the opening originates from the opening corner rather than the wall corner, and multiple
secondary diagonal cracks develop above and under the opening. In the case where the opening is located at the centre (L-WIN-PT22)
or central top (L-WIN-PT32) of the wall, the positions of the major diagonal cracks are the same, and the central horizontal crack is
missing in both cases. If the opening is located at the central bottom part (L-WIN-PT12), the horizontal crack occurs in the upper part of
the wall, which together with the diagonal cracks contributes to the highest two-way bending capacity of all cases of L-WIN-SZ3. For
the short walls, when the opening is located at the top (S-WIN-PT31), central top (S-WIN-PT32) and central left (S-WIN-PT21) part, the
crack patterns are slightly affected except that multiple localised cracks develop from the wall corners. In the case where the opening is
located at the bottom part (S-WIN-PT11), the diagonal crack shift to the top corner of the opening, and the bottom right diagonal crack
elongates. If the opening is at the centre (S-WIN-PT22), the central vertical crack that should appear in the corresponding solid wall
turns to be the horizontal crack above the opening. If the opening is at the central bottom part (S-WIN-PT12), the bottom diagonal
cracks start from the wall corners, but develop upwards when they encounter the opening, and elongate diagonally again towards the
wall centre.

7. Proposed equations and comparison with AS3700

In this section, fitting equations are proposed based on the influence of the opening on the two-way bending capacity studied in
Section 6. The tendencies of these influences can be summarised as follows: i) the two-way bending capacity is exponentially related to
the opening size (#7), and this influence is interdependent on the wall aspect ratio (@) (Fig. 17); ii) the two-way bending capacity is
positively correlated to the opening aspect ratio (a*) (Fig. 25); iii) the vertical position of the opening (4,) has a very subtle influence on
the two-way bending capacity; iv) the influence of the horizontal position (4y) of the opening is slight, but increases as the opening
moves from the vertical edge towards the central line of the wall (Fig. 29); v) assuming the same opening size, aspect ratio and position,
the difference between the two-way bending capacity of the walls with a window or door is small when the wall aspect ratio is small,
but it increases to a large degree if the window is replaced with a door when the wall aspect ratio and opening size are large (Fig. 17).
Based on these observations and applying nonlinear regression techniques, the proposed equations for the normalised two-way
bending capacity are proposed as follows,

Wp_ BYANTEN S _ [ 0 (for window)
W =B, -exp(Bon-a”) - (@' )" - (Bslde — 05|+ ) + f; +A A= { B 1 -aP  (for door)

{ﬁl =0.14; B, = 5.61; B, = —0.39; B, = 1.03; 5 = —0.25;

Bo = 0.14; f; = 1.00; B = 1.74; By = 3.10; B, = 1.38 a4

where f3;-19 are constant coefficients; A is the supplement coefficient of the opening type. Here it is noted that the range of the opening
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size (1) is restricted between 0.2 and 0.8, which exclude cases of extremely small or large openings.

The comparisons of the proposed equations and the numerical results are presented in Fig. 32. Fig. 32a and b shows that the results
of the proposed equations are very close to the numerical results when evaluating the influence of the opening type (door or window),
size and wall aspect ratio. Fig. 32¢, together with Fig. 25¢, shows that the influence of the opening aspect ratio with varying opening
size can also be well represented by the proposed equations. Fig. 32d shows that the proposed equations predict that the two-way
bending capacity increases as the opening moves from the vertical edge to the central line, but is unrelated to the vertical position.
The latter prediction is slightly different concerning the numerical results but is acceptable. The standard error of the regression is 0.07,
which suggests the numerical results are quite close to the regression results. Overall, the proposed equations can evaluate the general
tendency of the influence of the opening on the two-way bending capacity of the wall.

The proposed equations are further compared with Australian Standard — Masonry Structures AS3700 [25]. In AS3700, the opening
area is considered non-covered and non-loaded. Even though AS3700 is more advanced compared to other codes and standards in
terms of taking the influence of openings into account, it only considers the influence of the opening size () and horizontal position
(4y). The influence of the wall aspect ratio (a) and the opening shape (a¢*), which was found important to the two-way bending capacity
of the perforated walls in this study, is not taken into account.

The comparison of the proposed equations and AS3700 is based on the experimental results of Wall 1 (solid wall) and Wall 3
(perforated wall) in Ref. [14]. Results are shown in Fig. 33. According to Fig. 33a, AS3700 predicts that the presence of an opening
reduces the two-way bending capacity (wp/ws < 1) except a very few cases in which the opening is located in the wall centre and is
either very small or large (1 < 0.2 or > 0.8). In contrast, the proposed equations suggest that the presence of an opening increases the
two-way bending capacity (wp/w; > 1) for most cases. Besides, AS3700 predicts that the two-way bending capacity varies irregularly as
the opening size increases (Fig. 33a), while the proposed equations predict that the former increases constantly as the increase of latter
(Fig. 33b). Additionally, both formulas are in accordance that as the opening moves from the vertical edge towards the wall central
line, the two-way bending capacity increases. These results reveal that large differences between AS3700 and the proposed equations
exist regarding evaluating the influence of the opening on the two-way bending capacity of URM walls. Further physical experimental
research is suggested to supplement more data for walls with various opening size, shape and position.

8. Conclusions

In this study, the influence of openings on the two-way bending capacity (defined as the peak pressure on the wall net area) of
unreinforced masonry (URM) walls was investigated. First, a brief review was presented to reveal the major findings and limitations of
the existing experimental campaigns on the comparable perforated and solid URM walls. Then, an evaluation of the arrangements of
the openings (namely, the facts of whether the opening area is covered or non-covered, and whether it is loaded or non-loaded) by the
Yield Line Method (YLM) was carried out. Next, numerical models were calibrated and validated based on selected experimental
benchmarks and were further applied to study the influence of the arrangements of the opening area. Subsequently, a parametric study
was carried out to evaluate the influence of the opening geometric parameters, namely, size, shape and position for walls with different
aspect ratios. Eventually, analytical equations based on the numerical results were proposed and compared with the Australian
Standard (AS3700). Conclusions can be drawn as follows:

o The existing experimental database concerning perforated URM walls in OOP two-way bending is limited in quantity. Even in each
comparable testing group, the number of samples is quite small, so the high variability of material properties can affect the con-
sistency of the results. Besides, the influence of opening size, shape and position has not been systematically studied by the ex-
periments. Nevertheless, by comparing all the experimental results, the influence of the openings is found to be related to the
arrangement of the opening area. The two-way bending capacity of a perforated wall is generally lower than that of its solid
counterpart, provided that the opening area is covered and loaded as the rest of the wall; if the opening area is non-covered and
non-loaded, the two-way bending capacity of a perforated wall can be higher than that of its corresponding solid wall.

The YLM evaluation confirms that the arrangement of the opening area substantially influences the two-way bending capacity. This
is in agreement with the experimental observations. However, it should be noted that relatively rough assumptions were made for
this evaluation. For example, the moment capacity was assumed to be equal for both horizontal and diagonal cracks.

Compared to the experimental benchmark, the 3D simplified brick-to-brick modelling predicts the two-way bending capacity to a
quite reasonable extent, with a Mean Absolute Percentage Error of 11%. Besides, the numerical models precisely capture the crack
patterns of the walls. Compared with the continuum modelling and the 3D detailed brick-to-brick modelling, the 3D simplified
brick-to-brick modelling results as a good compromise to capture the response at the component level, in terms of wall capacity and
crack pattern, with limited computational costs. The numerical results also confirm the experimental observations and evaluation
of the YLM regarding the arrangement of the opening area.

The parametric study indicates that when the opening area is non-covered and non-loaded, as the opening size (normalised as the
ratio of the opening length to the wall length) increases, the normalised two-way bending capacity of the perforated wall (defined
as the ratio of the capacity of the perforated wall to that of the solid wall) increases exponentially. With the same opening size, the
two-way bending capacity of a wall with a door is higher than that of a wall with a window. This difference gets larger as the wall
aspect ratio and opening size increase. Besides, at the two-way bending capacity, as the opening size increases, the deformation at
the mid-height of the wall generally enlarges, and the crack pattern remains similar. Additionally, as the opening size increases,
more cracks fully open per unit wall net area, which suggests more fracture energy is dissipated. This results in a higher two-way
bending capacity.
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e As the opening aspect ratio (the opening height to length) increases, the two-way bending capacity increases, the crack pattern
remains similar. The influence of the opening position on the two-way bending capacity is limited. As the opening moves hori-
zontally from the lateral edge towards the wall central line, the two-way bending capacity increases slightly. However, as the
opening position varies, either vertically or horizontally on the wall, the diagonal cracks can shift positions, and more secondary
diagonal cracks can appear.

o The proposed equations were proposed based on a close regression of the numerical results (standard error of the regression: 0.07).
Compared with the proposed equations, AS3700 predicts that the presence of the opening weakens the wall capacity. Besides,
AS3700 predicts that the two-way bending capacity varies irregularly as the opening size increases. Both the proposed equations
and AS3700 predict a similar influence of the opening position on the two-way bending capacity. However, the influence of
opening shape and wall aspect ratio on the perforated walls is not considered in AS3700 but can be predicted by the proposed
equations.

In summary, systematically experimental study on the influence of openings on the two-way bending capacity of URM walls is
scarce but necessary. Such study is beneficial for further development of the knowledge for the wall behaviour and can provide the
basis for numerical study. Besides, the 3D simplified brick-to-brick modelling is suitable for simulating masonry at the structural
component level, since it is computationally efficient and can capture the crack patterns precisely. Furthermore, the quantitative
relations between the geometric parameters of openings and the two-way bending capacity of URM walls are acquired from the
numerical study. These results are recommended to be incorporated for future updates of the analytical formulations.

Finally, it should be noted that the two-way bending capacity is defined in terms of pressure rather than force. This follows the
conventions of current standards and is advantageous for comparing walls with various geometry. However, this definition can lead to
irrational results for extremely large or extremely small opening sizes, which, however, are not common in practice. Therefore, the
range of the opening size in the proposed equations is restricted according to practical scenarios.
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