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ABSTRACT: Covering spaces has always been one of the main issues in architectural engineering.
Barrel vault is one of the cover types used in traditional structures. In this paper, the effect of skewed
angle on the bearing capacity of a semicircular brick vault has been examined by the experimental and
numerical study. The Experimental studies have been performed in two parts: determining the properties
of materials and determining the bearing capacity of the vault. Due to laboratory limitations, scaled
models of materials and structures are made used. The loading of the specimens is the gravitational force
with a constant rate in the middle of the span is assumed to be displacement-control. In the following,
the nonlinear finite element model related to the barrel vault is developed and validated based on the
Willam-Warnke failure criterion parameters. Finally, to investigate the behavior of skewed semi-circular
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vaults the different angles and aspect ratios is studied by analytical and parametric models. The important &

behavioral parameters studied in this research are failure load, maximum displacement, and also the experimental study

behavioral mechanism of skewed vaults in comparison with non-skewed vaults. The results indicate that ~ non-linear finite element method
in all models, the skewed vault has a lower bearing capacity than the non-skewed vault. The maximum  Willam-Warnke failure criterion
drop in bearing capacity due to skew occurs up to the skewed angle of 30 degrees and for larger skewed
values, the sensitivity of the structural behavioral parameters to skew decreases. So that for the vault

with the aspect ratio of 0.5, with an increase in the angle of skew from zero to 30 degrees, the bearing

capacity of the vault decreases 58% and 18.74 for increase from 30° to 45°.

1- Introduction

Covering spaces has always been one of the most
important concerns of architecture since ancient times. A
vault is a structural element used for covering spaces. This
structure is practically obtained by extending an arch in
depth. It is obvious that the shape of the vault depends on the
geometrical shape of the arch from which it is constructed.
Historical brick arches in Iran have various names based
on their unique geometry. Examples include semi-circular
arches, four-centred arches (in three types: Raised, ordinary,
and drop), and raised pointed arches (in three types: Raised,
ordinary, and drop) [1]. A semi-circular vault, which is itself
made up of several semi-circular arches, is a half-bearing and
half-decorative vault that can be seen in most historical sites.
If the piers of the vault are not parallel to each other, or in
other words, if they are not facing each other, the vault used
to cover this space is skewed vault. In this type of vault, an
angle is created between the edge of the vault and the vertical
line, which is called skew angle (o). Figure 1 schematically
shows a skewed semi-circular vault.

In recent years, numerous researchers have studied and
investigated the structural and seismic behavior of this type
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of building, and a summary of their findings is presented
below. Caro and Morales (2007) [2], Sarhosis et al. (2014)
[3], Forgacs et al. (2017) [4], Forgacs et al. (2018) [5], Hejazi
and Sadeghi (2022) [6], and Mahmoudi et al. (2022) [7] are
among the most important studies in the field of masonry
structures with a focus on brick Vaults. A review of the
technical literature on Persian brick masonry barrel vault
indicates that the assessment of load-carrying estimation
and the effect of skewness on the behavior of semi-circular
brick vaults have not been studied extensively. Therefore,
investigating the impact of skew angle on the structural
behavior of these historical structures is among the research
challenges in this field. The main objective of this article is to
provide a better and more accurate understanding of skewed
brick vaults. In this paper, experimental and analytical
comparisons are made between the load-carrying capacity
and structural performance of skewed and non-skewed semi-
circular brick vaults. The effect of the vault’s aspect ratio (the
ratio of the span to the vault’s depth) is also considered to
increase the sampling frequency. Nonlinear finite element
analysis and macro analysis in the ANSYS code [8] are used
for numerical analysis. The location of plastic joints, load-
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Fig. 1. Schematic of skew brick vault

Table 1. Mechanical properties of materials

property No. of specimens value
Bulk density 3 1612.44
Young’s modulus 4 829.85
Poisson’s ratio [9] - 0.17
Tensile strength 14 1.1
compressive strength 4 7.62

carrying capacity under linear uniform load, stress contours
of vaults, the maximum displacement of the vault crown until
the moment of collapse, and the comparison of these factors
in both skewed and non-skewed vaults are among the issues
addressed in this article.

2- Experimental study

In this article, laboratory studies are conducted in two
stages. First, the mechanical properties of the materials are
extracted, which are necessary for developing the required
finite element analytical model. In the next stage, laboratory
studies are conducted on a Semi-circular brick vault model,
and the results of these studies will be used to validate the
accuracy of the finite element model.

According to British standards, strength indices for brick
and plaster mortal composite vaults are determined. According
to these standards, vaults are made and tested to determine
their compressive strength, tensile strength, and modulus
of elasticity. The mechanical properties of the materials can
be summarized based on the average results obtained from
laboratory samples, in accordance with Table 1.

a non-skewed brick vault model with a span (D) of 350
mm, depth (L) of 700 mm (aspect ratio of 2), and a thickness
(¢) of 26 mm is tested. Figure 2 shows the structural failure
load test and configuration.

3- Failure criterion and validation

The Solid65 element, along with the Willam-Warnke
failure criterion [10], is capable of modeling the behavior
of brittle and fracture-prone materials such as masonry and
brick materials. To validate the developed finite element
model, the results of the experimental model were compared
with the analytical model results. A finite element model with
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Fig. 2. Experimental model and test configuration
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Fig. 3. failure load variations for semi-circular vault

similar geometric specifications as the experimental model
was created based on the assumptions of the finite element
method and the failure criterion. Acceptable correspondence
is observed between the results of the experimental model
and the finite element model. In the correspondence in the
force-displacement diagram, there is a difference of 6.05%
in the failure load and 20.99% in the maximum displacement
between the numerical analysis and the experimental
specimen.

4- Results and discussion

The aspect ratio of the vault refers to the ratio of its span
to its depth. Figure 3 shows the sensitivity of capacity and
maximum displacement changes concerning the skew angle.
The intensity and sensitivity of vault behavior changes in
the occurrence of skewness for aspect ratios of 0.5 to 1 are
much higher than other ratios. Also, it can be said that the
occurrence of skewness does not have a significant effect
on vaults with low depth. In other words, when the vault
approaches the definition of a curve in terms of geometry.

stress distribution contours are presented for a 45° skewed
vault with a 1 aspect ratio (fig. 4).

5- Conclusions

Based on the conducted studies, the following results
were obtained.

1. The comparison of the load-carrying capacity of the
models shows that both in the skewed and non-skewed states,
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Fig. 4. Stress contour based on Willam-Warnke

as the depth increases, that is when the behavior of the vault
deviates from the arch action, the load-carrying capacity
increases.

2. One other effect of the skew angle is on the vertical
deformation of the vault. In skewed vaults, the diameter is
symmetrical, and in non-skewed vaults, it is asymmetrical.

3. The small difference between the results of laboratory
experiments and finite element analyses, as well as the
approximate geometric location of crack occurrence, which
is similar to the maximum stress, confirms the adequacy of
the Willam-Warnke failure criterion for better modeling of
the behavior of masonry materials.
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Fig. 2. Experimental specimens: a) specimens in compressive strength test, b) specimens in flexural
strength test (perpendicular state), ¢) specimens in flexural strength test (parallel state)
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Table 1. Mechanical properties of materials
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Fig. 3. Mechanical properties tests: a) compressive strength, b) flexural strength (perpendicular) and c)
flexural strength (parallel)
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Fig. 4. Semi-circular vault: a) schematic design, b) geometric design of semi-circular arch and c) experi-

mental specimen before injection gypsum mortar
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Fig. 5. Non-skew semi-circular brick vault with R=2.0: a) loading test and b) experimental set-up
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Fig. 6. Force-displacement diagram and results of non-skew semi-circular brick vault with R=2.0
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Fig. 7. a) meshing, b) analysis time versus No. of elements diagram

alStlojl Jao b JLos Jue bl jii dayn cald syl clea,
9y 2 b3k ] Gl 5 il aadl ulol p Guzes
Pydoe Jlasl Glo Gos b plp Jobo 3 9 [V M o)e 4 (oo
5 il hausg 5 caleiSy LB L cod ojls cunsd b dusle el
5 Jlos! 363 3l alaii 5 b il o o0lital Lot b Seilial ubow
Jo 3 il ialsdl ojl Canss dlisd b om0 5 ol Saal |
ol 0l odlatnl yomdy= yas bg, 5l baedly las e
Sl el 53 b lodl 3lass caslio 5 (31 5l 51 lisolo! poliie &
sl 485 )13 () 3)90 Eoite (Sl Jelod 3 agualy (o] Ko 9a50e
SlasidSad gl olgds dali 9 @SB oy @l jslaie cp
Cglis olS o g oo dugliio ;K055 by peite slalall o3l b calises
a5 o510l L3L 70 5 S Slesie slaldss 5 oad ol gl
Js12) 250 ol lall o3lul aiy e 5 2y (] Sem 2 ol
Congd (lato aiy Mo I JSasS sbaojluil Cloeil cul (s oY
Mo 338 (oo (Vsbo s 5l i ojle Lo g ilbp olej &S 12
o sl Jde (gl o lis Sledde sla Jlos jo ledl 6l algs
(Y US) wtly o el YO o b Voo s ool 53 bosloll sl allie
2,05 03k dlesl Copd g oyl gl 4y (S 0ad (8ym0 0L 10 el dlaws

YO+ 5l S Ol Oygo )d D9 e 000 ¥V IS j3 a8 job o

D35 asule 00 dLaSUd (Shged (guyy 3 ey Db e BBgle 1S )5
S b Juad )3 3y §)3 329 9 Sl (e Lalll Ce 4 diged (] &S
9> sdiges ol ped .ol atily (o)1, s o] g Moy
A sl Jae ol 8y plie 4 gl eiges JlB) 9 Bl Jse ()l

Dy o0 4185

o o § CamSw jlro dgase ylod] Joo drwgi Y
d9e Slall Jdo drwgs =) =Y

AN- 158l 3 5 (s e d9ae lall (g | s308 o e
Cuid g 49 k> lo)S sl sl ol oads edlail SYS
0,5 ;o ;> Jisl oolil as s aw L SOLA6S g4 5 g L slo,S
"G ylg=p Mg cansiis Hlre ol yor 4 SOLIAOS el ol o o3lil
el g ol dlas il 0aisSs g 55 pdlas kb, cal 26 [YY]
63 Silw]de gl g Sl s8I sl oo 3 .S Jie sba
oled o g gl o @M da sl 0By cpl > wewl ond odlazul
2R e las Clhogad ulsl g a2l ©jgod 0o L
el (Bgyae )15 Cygod o sl sl e bl S oo

@ wb dgame plall Jae 3 o3le (g9 2 as oL Jlesl soge0

sokaie pdy e Dbl U 3l blE 5 0 i S 00 &S bl slaeS

1 Willam-Warnke

WA



AVE U AVY ascio NPT Jlo Fojloud DO 080 ¢pusS yuol (ol pas cwlige &y pis

ol dlani ol Ked .Y Joas

Table 2. Convergence of No. of elements

Slp BDlzlass Glp Bzl as,s

Y ol \ abes: o ol o olSaeed bl slas m) oLl o3l
M) Y olgds abaii (M) ) olgsds alais
- - 7.30e-08 6.68¢-08 296 0.05
9.87 8.4 8.10e-08 7.30e-08 404 0.04
7.4 1.36 7.50e-08 7.20e-08 703 0.03
4 2.7 7.20e-08 7.00e-08 1397 0.02
B =0.15 ) S I o el oS gl 0lej 4 e s s & o)
» =0.
Caly dalgss owouo yusS Judod )
B.=0.75 (v)

s B, TFC 0| fy of ) fuy of . f VBN Lalsy 8
(S S5 ()L Cunglio o 5y9m0 S5 (S Cunglio i 5 4

)97 9 )Ld':é )‘\ u;ﬂl> d‘).g Ls)L.“;é C;m9Lch Sy 92 d)Lﬁé ;@5&9

o3> J3 Ssliwlyydn 35 ) 2 & e S LS I b
Copd iS85 v il Bl o b ( Sliwlgydud (5 D9 oo

Ak L S (b plals oy g b S by abals

dgdzee Glall Jao (v oo =Y =Y

e mls bl darwgi dgaote lodl Jbo omiwcons jslaiea
39350 ladl Jdo S5 el 00 dulie Ldos Jre ol b (2K Lo
Ohgy Sled s olul g (AEELT 1o b e wdin Slasuts |
b Oygar NSl 9S00 il e CunSs Jlme g dgace Lol
Jde a4 J 8= Ko puusd S yguns 9 ol Sl b wles by o &5 4
o 4ol Ghis98 w5 aisd b 5 05 Jlosl (b

Jo b (plilojl Jao gl o (o8 BB citlas A S5 3illae
Glloo o pusi—g i 4lges 50 )by Cisllas Dgu o 0093 d95ce Lol
5 G Jb g3 A Bl BMST oA JS b il 9 A S5 L

4 bl Ggei b ose oo o Sy Ay ,3 4 Y+/AQ

14

Sy lano =Y =Y
&S o odlitwl SSyla=pMis sl Jlro I (g38e gla Julod jo
Sme ol S5 5 (6995 sl cuwlie ol Wlas )8 (giloJse (sl
o & 5 2l Sy sylyd Gy ol piY slapasls 5 cusls
Vllgy ol g ) Jgar judlie SaSay dgumxe lall I8l 5 40 ol
alea [YD]Y (sl 5 [Y¥] 5 il 5 o sloiiir e {¥¥] 0 b

ol 0dds 03y LS ¥ Jodx 50 g

for =121, 0)
7. =145, (v)
f,=1.725f, (v)
o[ <3, (%)

TFC =should be calculated ,f, =1

TFC =0.6.f, #1



&5 Mo g 2T G 5 5l p9uiin 12 S - @Dy e slono 5ol (B yme ¥ Jpin

Table 3. Parameters of Willam-Warnke failure criterion for prisms
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Fig. 8. Results of non-skew semi-circular brick vault with R=2.0: a) comparison between experimental
results and numerical results, b) comparison the maximum results
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Fig. 9. Cracks of non-skew semi-circular brick vault with R=2.0: a) experimental specimen and b) contour
stress for mid-span load based on Willam-Warnke failure criterion
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Table 4. Geometric properties of semi-circular vaults
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Fig. 10. 3D schemeatic of brick vault and studied parameters
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Fig. 11. Results of semi-circular based on aspect ratio: a) failure load variations and b) Max. displacement
variations
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Fig. 12. Results of semi-circular based on angle of skew: a) failure load variations and b) Max. displace-
ment variations
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Fig. 13. Stress Contour for uniform linear load based on Willam-Warnke failure critrion
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Fig. 14. Vertical deformation of vaults
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