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Vaults are curvilinear cover systems that cover open spaces formed by the combination of arches. The vaults,
built using materials such as stone and brick, are used in historical buildings such as mosques, madrasahs, inns,
baths, churches, and monasteries. In this study, experimental studies were carried out to examine the rein-
forcement techniques with steel and different types of CFRP strip applications applied to masonry vaults. Within

FRP the scope of the research, one reference sample, one tie rod, four reinforced CFRP materials of different designs,

Tie rod

and a total of six masonry vault samples were tested under axial compression. The test vault samples were also

analyzed numerically in the LUSAS Analysis Program, and the test results obtained from the numerical analysis
were compared. According to the results obtained, the load-bearing capacity of the reinforced samples increased
by at least 45% compared to the non-reinforced sample that was named as the reference.

1. Introduction

Throughout history, people have built historical structures such as
bridges, palaces, inns, baths, caravanserais, and mosques on their lands.
These structures, which have survived from the past to the present,
reflect the technological, economic, and cultural characteristics of the
period they were built in. Historical structures are among the masonry
building types. Masonry structures have low tensile strength. They are
structures that are all or a combination of bearing elements such as
arches, vaults, domes, columns, and walls, obtained by combining ma-
terials with high compressive strength such as briquettes, bricks, and
stones with the help of mortar. Arches, domes, vaults, walls, and col-
umns are the bearing systems of historical buildings.

Vaults are single curvature structural elements formed by arranging
the arches one after the other and connecting them. Since they are
generally built from materials such as stone and brick, their compressive
strength is high and their tensile strength is low. The vaults are divided
into eleven different groups according to their geometric shapes. These
are barrel vault, high vault, conical vault, cavetto vault, drop vault,
pointed vault, curved vault, oblique vault, monastery vault, groin vault,
and mulden vault [1]. In this study, the shape of the barrel vault is
discussed. In Fig. 1, examples of barrel vaults are given.

Reasons such as insufficient ground conditions, wars, loss of strength
of building materials as a result of deterioration over time, errors in
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design and application, severe earthquakes, and wind loads cause some
damage to historical buildings. These structures, which are historical
documents, are one of our most important responsibilities and duties to
transfer them to future generations and to protect them. In vaults, hor-
izontal forces such as earthquakes are supported by struts, walls, and
with the help of tie rods, as in arched structures (Fig. 1b).

Many studies have been carried out on the behavior of structural
carrier systems against fixed, live load, earthquake, and wind loads to
transfer historical buildings to the future [2-18]. Experimental and
theoretical research has also been carried out to determine the behavior
of historical buildings reinforced with different materials. In his study,
Foraboschi [19] strengthened the inner and outer parts of the arch and
vault building elements with FRP (Fiber Reinforced Polymer), designed
the hinge mechanism in such a way that it would not create a collapse
mode, and examined the behavior of the structure. He presented
mathematical models for behavioral patterns such as slipping, crushing,
debonding, and FRP rupture. Thanks to the mathematical models ob-
tained as a result of the study, the maximum load-bearing capacities
were found for each failure mode. The load-bearing capacities of the
reinforced arch and the vault increased by at least 7.8 and 2.1 times,
respectively than the load-bearing capacities of the unreinforced arch
and vault. Milani and Bucchi [20] developed a kinematic finite element
model to determine the failure mechanism and failure load of curved
brick structural members such as arches and domes reinforced with

Received 11 September 2022; Received in revised form 4 November 2022; Accepted 23 November 2022

Available online 2 December 2022

2352-0124/© 2022 Institution of Structural Engineers. Published by Elsevier Ltd. All rights reserved.


mailto:sukrantugrulelci@aksaray.edu.tr
www.sciencedirect.com/science/journal/23520124
https://www.elsevier.com/locate/structures
https://doi.org/10.1016/j.istruc.2022.11.098
https://doi.org/10.1016/j.istruc.2022.11.098
https://doi.org/10.1016/j.istruc.2022.11.098
http://crossmark.crossref.org/dialog/?doi=10.1016/j.istruc.2022.11.098&domain=pdf

S. Tanriverdi

L

(a) Suleyman Mosque in Diyarbak
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(c) High Church in Aksaray (Turkey)

Fig. 1. Sample photos of barrel vaults. a) Suleyman Mosque in Diyarbakir (Turkey), b) Kursunlu Han in Uskup (Macedonia), c) High Church in Aksaray (Turkey).

(a) 1-A6 Sample (b) B1-B6 mple

Fig. 2. a) Compressive strength test of brick, b) Flexural tensile strength of
the bricks.

fiber-reinforced polymer (FRP) strips. They stated that the failure load
and failure mechanism of this developed model remained within safe
limits and this developed model could be used in practice. Firat and Eren
[21] used FRP in different ways in their studies and they carried out
strengthening studies on arch models. As a result of the study, it was
determined that the reinforced sample increased its capacity by at least
158 % compared to the unreinforced sample. Ural et al. [22] conducted
experimental and numerical studies to examine the effect of different
types of tie rods on arch samples. As a result of the study, they deter-
mined the tie rod model that should be applied in historical arched
structures. Carozzi et al. [23] carried out an on-site experimental study
by reinforcing the vaults and arches of a historical building in Italy with
composite materials such as FRP, TRM (Textile Reinforced Grout), and
SRG (Steel Reinforced Grout). In the experimental study carried out by
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Table 1
The result of the compressive strength test and flexural tensile strength of the
bricks.

Series =~ Maximum Compressive Series ~ Maximum Flexural
loading (kN)  strength (N/ loading (kN)  tensile
mm?) strength (N/
mm?)
Al 27.98 11.20 Bl 8.44 7.12
A2 28.10 11.24 B2 7.64 6.45
A3 31.09 12.43 B3 7.52 6.35
A4 32.64 13.10 B4 8.25 6.96
A5 31.27 12.51 B5 8.12 6.86
A6 33.00 13.20 B6 7.41 6.26
Mean 12.28 6.67
Standard Deviation 0.88 0.36

*A1-A6: Compressive strength of bricks.
*B1-B6: Flexural tensile strength of the bricks.

applying loads in the vertical direction, the load-bearing capacity,
stiffness, ductility conditions, and damage modes of reinforced arches
and vaults were compared with those of unreinforced arches and vaults.
As a result of the strengthening work, it was observed that the load-
bearing capacity of arches and vaults increased 4 times with SRG and
FRP materials, and 5.5 times with TRM material. De Santis et al. [24]
conducted an experimental study on examples of vaults equipped with
buttresses and infills, one without reinforcement and three reinforced
with SRG. As a result of the study, it was determined that SRG material
increased the bearing capacity of the vault 2-3 times by preventing
damage. Hamdy et al. [25] strengthened the masonry walls and vaults
with different materials and analyzed them in the ANYS program.
Mortar, mild steel rods, FRP, Ferrocement ready-made wire, and poly-
ester mortar were used as the reinforcement method. It was determined
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I

(b) D1-D6 Sample

Fig. 3. a) Compressive strength test of mortar, b) Flexural tensile strength of the mortar.

Table 2

The result of the compressive strength test and flexural tensile strength of the
mortar.

Series  Maximum Compressive Series  Maximum Flexural
loading (kN)  strength (N/ loading (kN)  tensile
mm?) strength (N/
mm?)
Cl 7.35 2.94 D1 0.22 0.55
C2 7.24 2.89 D2 0.20 0.50
C3 6.98 2.79 D3 0.20 0.50
C4 7.16 2.86 D4 0.18 0.45
C5 7.20 2.88 D5 0.23 0.58
C6 7.72 3.08 D6 0.21 0.53
Mean 291 0.52
Standard Deviation 0.09 0.05

*C1-C6: Compressive strength test of mortar.
*D1-D6: Flexural tensile strength of the mortar.

that the load-bearing capacity of the models made with FRP materials
increased more than the other materials. The load-bearing capacity of
the vault reinforced with FRP material increased by 190 % compared to
the load-bearing capacity of the non-reinforced vault. According to
Zampieri et al. [26] analyzed arch samples reinforced with different
composite materials using experimental tests. They investigated the ef-
fects of reinforcement techniques on the arch structure. De Santis et al.
[27] conducted an experimental study on masonry vaults reinforced

Compressive Stress (MPa)

with BTRM (Basalt Textile Reinforced Mortar) supported by buttresses
and infills. Vertical load was applied on the filling in 1/3 span. It was
determined that the reinforcement methods delayed the formation of
cracks and increased the load-bearing and bending capacity. Varro et al.
[28] carried out experimental and analysis studies to examine the
behavior of CFRP (Carbon Fiber Reinforced Polymer) reinforced and
non-reinforced arched structures. The differences between the bearing
capacities and damage types of arched structures were investigated.
Alejo Guerra [29] the temple of San Agustin in the city of Morelia, which
is recognized as a cultural heritage by UNESCO, was discussed. Dynamic
tests of the church were made and its numerical model was developed in
the DIANA program. The analysis of the church was made by applying

Table 3
Compressive strength test results of masonry wall samples.
Sample No Maximum Compressive Young’s Ratio
load V (kN) strength f (MPa) modulus E E/ fy
(MPa)
Experiment- 123.55 3.52 2011 632
1
Experiment- 144.61 4.12 2060 648
2
Experiment- 132.67 3.78 1622 510
3
Mean 133.61 3.81 1897 596
fx =1£/1.2 3.18
| —+—— Experiment-1
—¥—— Experiment-2
r ——@—— Experiment-3
| =™ Mean AJ/ ?,5{&
T T T T T T T
0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035
Strain (mm/mm)

(b)

Fig. 4. a) masonry wall samples compressive strength test, b) Masonry wall samples stress-strain plots.
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Fig. 5. The general geometry of the vault samples and the construction stages.

reinforcement methods with materials such as steel and TRM on the
elements such as the dome, arch, and barrel vault in the church. As a
result of the analysis, it was seen that the strengthening techniques
provided a maximum increase of 92 % in the capacity of the structure.
Siha and Zhou [30] investigated experimentally and theoretically how
the reinforcement of historic wooden columns with CFRP and steel bars
affects the ductility and bearing capacity of wooden columns. Firat and
Sancar [31] studied the effects of different types of tie rods used at the
stone arches. In their study, one reference sample without a tie rod and 6
test samples with a tie rod fixed in different ways were tested. Numerical
analyzes of the test samples were also made and compared with exper-
imental results. The samples with tie rods carried at least 1.70 times
more load than the reference sample.

Although the unit cost of CFRP is high, it can provide a cost advan-
tage due to the easy workmanship and the low amount used in structural
members strengthened. The difficulty of applying heavy materials such
as steel can create considerable problems in strengthening works.
However, CFRP, which is a lightweight material compared to other
reinforcement materials such as steel, has ease of application. In addi-
tion, CFRP, which has good resistance to high tensile stresses, does not
have corrosion problems. For this reason, besides the steel tie rod, CFRP
was also used in the study. In the study, the effects of CFRP and tie rods
used in the repair and strengthening of historical buildings on the vaults
were investigated experimentally and numerically. A total of six vault
samples, one of which was strengthened by using a reference sample
without any reinforcement method, with a tie rod, and four using CFRP
material in different shapes, were tested in a laboratory environment by
applying a load under axial pressure. A numerical analysis of the sam-
ples subjected to the test was made and the results were presented by
comparing them with each other. In line with the results, it was deter-
mined what methods should be applied in strengthening works in the
vaults.
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2. Material and properties

To determine the mechanical properties of the mortar and brick used
in the experimental study, experiments were carried out in Aksaray
University, Faculty of Engineering, Civil Engineering, Construction
Mechanics laboratory as specified in the standards. Compressive
strength tests and flexural tensile strength tests were carried out for the
brick used in the vaulted models. Compressive strength tests and flexural
tensile strength tests of the mortar used in the horizontal and vertical
joints of the masonry units were carried out. In addition, compressive
strength tests of the masonry wall samples were carried out to determine
the modulus of elasticity to be used in the numerical modeling of the
vault models.

2.1. Properties of brick

In the experiments, bricks with the dimensions of 50x90x190 mm?®
were used as a masonry unit. Compressive strength tests and flexural
tensile strength tests were carried out to determine the mechanical
properties of bricks used in the construction of the vaulted samples. For
the compressive strength tests of the bricks, the compressive strength
tests were carried out on a total of six bricks with the dimensions of
50x50x30 mm3, as specified in EN 772-1-2011 + AI [32]. Basing
strength values were obtained by dividing the maximum loads obtained
as a result of the tests by the applied area. The average compressive
strength of the bricks was 12.28 MPa.

Flexural tensile strength tests of masonry units were carried out
considering EN 772-6 [33]. Six brick samples were carried out as spec-
ified in the standard. The flexural tensile strength of the brick samples
was calculated according to Eq. (1) below. The flexural tensile strength
of the masonry units was obtained on average 6.67 MPa. The test image
for the compressive strength and flexural tensile strength tests of the
brick is given in Fig. 2.
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(b) Model-1

s
w (d) Model-3

(f) Model-5

Fig. 6. Drawings of vault samples.

PL

= W

where Ry is the flexural tensile strength (N/mm?), P represents the
maximum loading (N), b (mm) is the width of the brick, d (mm) is the
height of the brick, and L (mm) is the length of the brick. Compressive
strengths of masonry units are expressed from Al to A6, and flexural
tensile strengths are expressed from B1 to B6. In Table 1, the test results
for the compressive and flexural tensile strength of the bricks are given
collectively.

2.2. Properties of Khorasan mortar

Khorasan mortar was used for vault sample lining. The ratios of
mortar in sand/lime/stone dust are 4/4/2 by volume. As specified in EN
12390-3 [34] standard, compressive strength tests were carried out on
six mortar samples with dimensions of 50 x 50 x 50 mm?®. The
compressive strength values of the samples are the value obtained by
dividing the maximum load obtained by the applied area. As a result of
the experiment, the average compressive strength of the mortar was
2.91 MPa.

EN 12390-6 [35] standards were taken into account for determining
the flexural tensile strength of Khorasan mortar samples. Six mortar
samples of 40 x 40 x 160 mm® were subjected to testing. The flexural
tensile strengths of the mortar samples were calculated with the help of
Eq. (1) as specified in EN 12390-6 [35]. The compressive strength of the
mortar is symbolized from C1 to C6, and the flexural tensile strength in
bending is symbolized from D1 to D6. Compressive and flexural tensile
strength tests of Khorasan mortar are given in Fig. 3 and the results are
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given in Table 2. As seen in Table 2, the average flexural tensile strength
of the mortar is 0.52 MPa.

2.3. Properties of tie rod

In the experiment, a tie rod cut from sheet metal with a thickness of 3
mm and a width of 20 mm was used. EN ISO 6892-1 [36] standard was
taken into account to determine the tensile strengths of the tie rod. The
tensile strength of the tie rod was calculated as specified in Eq. (2).

Ry = Fu @

Ry, is the tensile strength of the tie rod (N/mm?), and Fy, is the
maximum load that the test sample withstands after the yield point is
passed during the test. The tensile strength of the tie rod was found to be
275 MPa on average [37].

2.4. Compressive strength of masonry wall samples

To determine the modulus of elasticity to be used in the analysis of
the vault samples, compressive strength tests were carried out on three
wall samples. The wall samples were produced in dimensions of 390 x
190 x 90 mm? in accordance with the standard EN 1052-1:1998 [38].
Two LVDTs were placed on the wall samples. The strains occurring in
the wall samples during the experiment were calculated. Stress was also
obtained by dividing the vertical load applied on the wall samples by the
applied area. The compressive strength test of masonry walls and the
stress-strain graph of this test are given in Fig. 4 and the test results are
given in Table 3 collectively. As stated in EN 1996-1-1 + Al [39], the
ratio of the modulus of elasticity to the compressive strength for each
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,

(d) Completion of anchor applications

Fig. 7. Anchorage application, a) Drilling anchor holes, b) Preparation of anchors, ¢) Placing anchors in holes, d) Completion of anchor applications.

wall sample is less than 1000.
3. Vault test samples
3.1. Preparation of test samples

One non-reinforced and five different reinforced vault test samples
with a span of 920 mm, a height of 460 mm, and a width of 600 mm were
designed. In the experiment, Khorasan mortar was used for horizontal
and vertical joints of brick and masonry units with dimensions of 190 x
90 x 50 mm?>. Joint spacing was 10 mm in the column and 8 mm else-
where. In this study, the height and span of 20 vaults were measured in
total. Their average values were determined, and the dimensions of the
test samples were determined by reducing the height and span of the
vault by an average of 1/4, taking into account the dimensions of the test
apparatus prepared with steel profiles. The depth of the vault was
considered to be the maximum according to the test apparatus. The
vertical loading was applied to the vault samples. Reinforced concrete
was placed in the area where the vertical load was applied (230 mm
away from the keystone) so that the applied load does not damage the
masonry units in the upper row and the load shows a uniform distri-
bution. To study the behavior of the reinforced brick vaults, a total of six
samples were investigated experimentally and numerically under axial
loads applied to 1/4 of their span. The vaults were built with bricks
arranged in a single skin, therefore their thickness was thin (5 cm). For
this reason, to increase the strength of the vaults under axial load, a
catenary curve was selected as the directrix of vaults, with coefficients
close to the ones of a drop arch [40]. In the experimental study, the
bottom ends of the pillars were designed as fully fixed support and the
displacements were zeroed. The experimental process was carried out by
placing each sample in the experimental setup 28 days after it was
produced. The general geometry and construction stages of the vaulted
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samples are given in Fig. 5. The modeling of the vaults is given in Fig. 6.

No strengthening method was applied in the vault sample, which is
called the reference sample. (Fig. 6a). The load and displacements to be
carried by the reference sample were accepted as reference. The purpose
of making a reference sample was to examine the effect of each
strengthening method on the vaulted structures by comparing them with
the reinforced samples.

In Model-1, two 100 mm wide CFRP strips were applied to the inside
of the vault sample, leaving a 50 mm gap from the edges (Fig. 6b). The
surfaces on which CFRP application was made were first cleaned and
epoxy resin was applied. CFRP strips cut on the epoxy resin were
adhered. In Model-2, the vault sample was reinforced with two 100 mm
wide CFRP strips, leaving 50 mm gaps from the inside and outside
(Fig. 6¢). In Model-3, as in Model-2, the vault sample was strengthened
by applying CFRP strips to the inner and outer parts of the vault. Unlike
Model-2, CFRP strips were applied on the inner surface of the vault,
starting from 150 mm below the springer (Fig. 6d). Three 10 mm
diameter anchor holes were drilled in the inner part of the vault, only in
the area where the load was applied, at two joint intervals, as shown in
Fig. 7a. Anchorage was obtained by wrapping CFRP around a steel bar
with a diameter of 8 mm and a length of 40 mm. The hole to be anchored
were filled with epoxy resin and the prepared anchors were placed in the
holes (Fig. 7c). The part of the anchor consisting only of CFRP was glued
onto the CFRP strip by opening it circularly as shown in Fig. 7d.

In Model-4, unlike Model-3, as shown in Fig. 6e, the anchoring
process was applied to the inner and outer parts of the vault, leaving
gaps of 10 mm in diameter between two joints. In Model-5, tie rods were
used as a different material to strengthen the vault. The tie rods were
applied from the 60 % lower part of the vault height, where the tensile
strength of the vault was formed. The tie rods were removed to the
opposite side through the hole drilled on the vault and fixed to the 10
mm thick square section plate with the help of bolts (Fig. 6f). In Fig. 8,
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Fig. 8. Pre-experimental images of the samples.

pre-experimental images of all models are given.

3.2. Experimental setup

In the experimental study, the loading was done with the help of a
hydraulic jack with a capacity of 100 kN. In the case of applied load, the
load cell was exposed to pressure and records by giving a certain stress
from the outlet end. The stress taken from the load cell was transferred
to the computer thanks to the established mechanism. The experimental
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set had a load and displacement control system. In the experimental
study, the average loading rate was 0.3 kN/sec in a load-controlled
manner. After the experimental samples reached the maximum load,
the displacement control mode was started. The mean displacement
value was maintained at 5 mm/sec. Horizontal and vertical displace-
ments were measured with Linear Variable Differential Transformers
(LVDT) throughout the experimental study. In Fig. 9, the experimental
setup and the LVDTs placed in the experimental setup are given.
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Fig. 9. The experimental setup and the LVDTs placed in the experimental setup.

Table 4
Experimental test results.

Test Py (kN) Increment” Matched vertical Matched horizontal

series (%) displacement to the  displacement to the
maximum load maximum load
(mm) (mm)

Reference 8.381 0 0.186 0.186

Model-1 15.211  81.493 0.762 1.255

Model-2 31.335  273.881 4.110 10.377

Model-3 33.898  304.462 3.727 9.315

Model-4 40.822  387.077 4.850 12.781

Model-5 12.171  45.221 7.973 6.143

 Increments of the compressive strength in relation to the reference vault.

3.3. Experiment results

All LVDTs were attached to the same zones on the vault test samples
throughout the experiment. In the studies, vertical displacements under
maximum load were measured with LVDT-2 placed on the keystone of
the vault samples. The horizontal displacements under the maximum
load were calculated by calculating the sum of the LVDT-1 and LVDT-5
values placed horizontally on the right and left sides of the vault sam-
ples. In the studies, the axial load was applied to the vault samples in the
vertical direction. The maximum load obtained in the experiments and
the vertical and horizontal displacements corresponding to the
maximum load are given in Table 4 and Fig. 10.

When Table 4 and Fig. 10 are examined, as a result of the experi-
mental study, the load-bearing capacity of the reference sample without
any reinforcement was measured as 8.381 kN. The first capillary cracks
in the reference sample were observed when the load was 3 kN. With the
increase in the load, large cracks were observed in the area where the
load was applied and in the horizontal joints where the vault arc started
in the right part of the vault. As a result of the experiment, hinges were
formed in four places, in the right and left parts of the vault, where the
load was applied, and in the right part, where the vault arc started. The
vertical and horizontal displacement of the reference sample under
maximum load was 0.186 mm. Taking into account the cracks in the
reference sample, two 100 mm wide CFRP strips were left in the interior
of the vault sample by leaving a 50 mm gap from the edges.

This sample, named Model-1, carried a maximum load of 15.211 kN.
While the load was at 15.211 kN, the vertical displacement of Model-1
was 0.762 mm and the horizontal displacement was 1.255 mm.
Model-1 carried approximately 2 times more load than the reference
sample. Cracks occurred in the horizontal joints on the left side of the
vault and in the part where the load was applied in Model-1. The CFRP
strips started to debond from the masonry unit in the area where the load
was applied, starting from the keystone level.
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Model-2 carried a higher load than Model-1 as CFRP strips were
applied both inside and outside of the vault. The load-bearing capacity
of Model-2 was measured at 31.335 kN. Model-2 had a vertical
displacement of 4.110 mm and a horizontal displacement of 10.377 mm
at maximum load. Model-2 carried 2 times more load than Model-1. In
Model-2, the first cracks occurred in the interior at the level of the
keystone when the load reached 20.12 kN. The CFRP in the interior of
the vault was debonded from the surface at the level of the keystone and
in the area where the load was applied. In the right part of the vault,
large cracks were observed in the horizontal joints in the tension zone.

The biggest problem observed in CFRP applications in Model-1 and
Model-2 was the debonding of CFRP strips over masonry units. At the
same time, due to the application of CFRP strips from the starting point
of the vault arc in these two samples, large cracks were observed in the
regions where the vault arc began. To eliminate these deficiencies,
anchoring was applied in Model-3 and Model-4. In Model-3, anchor
holes with a diameter of 10 mm were drilled in three places, from the
area where the load is applied to the inner part of the vault, one at two
joint intervals. Anchors obtained by wrapping CFRP around 8 mm
diameter and 40 mm long steel rods were placed in these drilled holes.
Anchored Model-3 carried a maximum load of 33.898 kN. The vertical
displacement of the Model-3 at its maximum carrying capacity was
3.727 mm, and the horizontal displacement was 9.315 mm. In Model-3,
it was observed that the inner CFRP strips were debonded from the
surface at the level of the keystone. No debonding or cracks were
observed in the area where the anchors were made. Cracks were
observed between the keystone where the anchor was not made and the
concrete poured area. Large cracks occurred in the joint on the springer
on the right outer part of the vault.

The maximum vertical load was carried by Model-4 test sample ob-
tained by anchoring the inner and outer parts of the vault. This value
was 40.822 kN. The vertical and horizontal displacement values of
Model-4 under maximum load were 4.850 mm and 12.781 mm,
respectively. Since CFRP strips were applied 150 mm below the springer
in Model-3 and Model-4, no cracks were observed in the regions where
the vault arc started. In Model-4, as a result of the experiment, cracks
were observed in three anchorages in the inner part of the vault arc in
the area where the load was applied. When Fig. 10 was examined,
Model-4 exhibited the most ductile behavior among the vault tests.

Model-5, which was strengthened by tie rods, carried a maximum
load of 12.171 kN. It had a vertical displacement of 7.973 mm and a
horizontal displacement of 6.143 mm under maximum load. Large
cracks occurred in the horizontal joints in the joint located next to the
concrete pouring area where the load was applied and in the outer part
of the vault arc.
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Fig. 10. a) Compressive load-vertical displacement graph, b) Compressive load-horizontal displacement graph.

4. Numerical analysis of vault samples

When the load-displacement graphs drawn as a result of the exper-
imental studies were examined, the vault test samples showed a non-
linear behavior. For this reason, modelizing was analyzed considering
the nonlinear properties of the materials. Numerical models of vault test
samples were modeled in LUSAS [41] analysis program using the finite
element method. Three different modeling techniques were used for
modeling masonry units. These were Detailed Micro Modeling, Simpli-
fied Micro Modeling, and Macro Modeling.

The Poisson Ratio, elasticity modulus, and inelastic mechanical
properties of stone and mortar forming masonry units in detailed micro-
modeling were defined separately and analyzed. Based on detailed
micro-modeling, it was assumed that cracks would form at the interface
between the stone and the mortar. In the simplified micro modeling, the
masonry units were expanded by half the thickness of the mortar, the
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mortar was neglected, and the masonry units were separated from each
other by the interface. In this modeling, it was assumed that the cracks to
occur would occur at the interfaces. In macro modeling, mortar and
masonry units are homogenized and the masonry wall is considered a
composite. In this modeling, the mechanical properties of the masonry
wall obtained by homogenization are taken into account as mechanical
properties. In this study, the macro modeling technique was applied.
The properties of the materials were determined according to the tests
performed on the masonry walls obtained. Linear and non-linear prop-
erties of the materials used in the analysis are given in Table 5.

The Drucker-Prager criterion, which represents the nonlinear
behavior of masonry units, was used in the study. The Drucker-Prager
criterion was made more sensitive to the hydrostatic state by adding a
term to the Von-mises criterion used in steel-type materials and has
become a criterion that can be used in masonry materials exhibiting
brittle behavior. The Drucker-Prager criterion is expressed by Eq. (3).
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Table 5
Material properties of the samples.
Material Properties Value
Upper concrete part Young’s modulus (MPa) 28,500
Poisson’s ratio 0.2

Initial cohesion (MPa) 3

Initial friction angle 33
Slope of cohesion in tension 0.0
Slope of friction in tension 0.0
Plastic strain in tension 0.001
Homogenized masonry Young’s modulus (MPa) 1897
Poisson’s ratio 0.2
Initial cohesion (MPa) 2.5
Initial friction angle 25
Slope of cohesion in tension 0.0
Slope of friction in tension 0.0
Plastic strain in tension 0.001
Steel tie rod Young’s modulus (MPa) 210,000
Poisson’s ratio 0.3
Initial uniaxial yield stress (MPa) 275
Hardening gradient slope in tension 212.1
Plastic strain in tension 1.0
CFRP Young’s modulus (MPa) 25,000
Poisson’s ratio 0.3
Initial uniaxial yield stress (MPa) 350

fL, L) =al ++/1,—k=0 3)

The «a and k are the positive material parameters in the equation, I;
represents the first invariant of the tension tensor, and J; is the second
invariant of the deviatoric tension tensor. When a = 0, the equation
gives the Von-Mises Equation. The Drucker-Prager fracture surface in
the case of three-dimensional tension is shown in Fig. 11.

If the circle of the Drucker-Prager criterion, which is very close to the
Mohr-Coulomb criterion, is considered as the circle drawn from the
outside of the Mohr-Coulomb hexagon, the two surfaces 0 = 60° can be
expressed by Eq. (4) in accordance with the basing meridian to be
determined by a and k (Chen and Mizuno [42]). In the equation, ¢ and ¢
represent the internal friction angle and cohesion, respectively.

2sing
V3(3 — sing)
_ bccosp
V33 — sing)
At the same time, the constants that determine the inner cone with 0
= 0 passing through the tension meridian are found with Eq. (5).

(€3]
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O
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V/3(3 4+ sing)
6¢c cosgp
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In the numerical analysis of the vault models, the values of ¢ =
2.5-3.70 MPa, © = 25-35 were used for the parameters © and c
(Tugrulelci [43]). In the finite element models, three-dimensional solid
elements are used for the masonry wall, tie rods, and also poured con-
crete to prevent the bricks from crushing on the upper surface of the
vault. In the numerical model, three-dimensional tetrahedral solid ele-
ments with 10 node points and 3 degrees of freedom at each node were
used (Fig. 12). Number of elements and node points used in the analysis
of the vault samples are given in Fig. 13.

In the finite element analysis, as in the experimental study, a
compressive load was applied to the vault models on the concrete
poured at a distance of 230 mm from the keystone. The bottom ends of
the pillars were designed as fully fixed support. The vertical load graphs
corresponding to the vertical displacements under the keystone ob-
tained as a result of the analysis and experimental study are given in
Fig. 14, and the test and analysis results are given in Fig. 15. When the
graphs are examined, it is seen that the test and analysis results behave
close to each other as a general. But some small differences were
observed in the behavior of numerical models in Model-2 and Model-4.
It is thought that the reason for these differences is the uncertainties that

(5)

2

Fig. 12. Three-dimensional tetrahedral solid elements with 10 node points
used in the analysis Ce, centroids, Vj; sub-volumes [44].

Hyrostatic axles

(0-1 =0, 20-3)

Fig. 11. Drucker-Prager kriteria (Chen and Mizuno [42]).
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Reference Model
Node Number= 783
Element Number= 2396

Element Number= 3362

Element Number= 5564
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Model 1
Node Number= 982
Element Number= 336.

Node Number= 1610
Element Number= 5354

Model 5
Node Number= 6277
Element Number= 21878

Fig. 13. Number of elements and node points used in the analysis of vault models.

can be seen in many civil engineering problems. Uncertainties in civil
engineering problems are examined under two major titles as aleatory
uncertainty and epistemic uncertainty. Aleatory uncertainty depends on
basic variables (e.g., compressive strength of brick units and mortar,
yield strength of tie rod) and cannot be changed. Epistemic uncertainty
can be reduced with additional information and data. Epistemic un-
certainties consist of statistical errors, modeling, and prediction errors.
The loading rate in the experiment, the number of test samples, and the
non-homogeneous structure/texture distribution of the bricks are all
sources of epistemic uncertainty [45,46].

5. Conclusions

In this study, the behavior of six vault samples, one of which was the
reference sample, one of which was reinforced with tie rods, and four of
which were reinforced CFRP materials of different reinforcement tech-
niques, were investigated experimentally and numerically under axial
load. No strengthening method was applied in the sample called the
reference. Two 100 mm wide CFRP strips were applied to the inside of
the vault arc, leaving a 50 mm gap from the edges. This test sample was
named Model-1. In Model-2, the vault sample was reinforced with two
100 mm wide CFRP strips, leaving 50 mm gaps from the both inner and
outer parts. In the Model-3 test sample, as in Model-2, CFRP strip ap-
plications were made from the inner and outer parts of the vault. Unlike
Model-2, CFRP strips were continued up to 150 mm below the springer
(see Fig. 6a), and the anchorage was made to the inner part of the vault
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at a total of three points in two joint intervals on the area where the load
was applied. The anchor was applied to both the inner and outer parts of
the vault in Model-4, in a way that it would be two joint intervals.
Finally, in Model-5, the vault sample was strengthened with tie rods. The
tie rods were applied from the 60 % lower part of the vault height, where
the tensile strength of the vault was formed. The tie rods were fixed to
the 10 mm thick square plate with the help of bolts. The samples
mentioned above were tested by applying a vertical load corresponding
to 1/4 of the vault span. When the experimental results and numerical
analysis results were compared, it was seen that the results were close to
each other. The results obtained as a result of the study are summarized
below.

e The load-bearing capacity of the reinforced samples increased by at
least 45 % compared to the unreinforced reference sample.

e Model-1, which was reinforced with CFRP strips only from the inside
of the vault, carried 81.49 % more load than the reference sample. In
Model-1, it was observed that the CFRP strips were debonded over
the masonry units with the increase in the load, and there were wide
cracks at the horizontal joints on the outer part of the vault and at the
area where the vault arc began.

To prevent the cracks of the horizontal joints on the outer part of the
vault seen in Model-1, Model-2 test sample was made. In Model-2 by
wrapping the outer part with additional CFRP strips, the load-
bearing capacity increased in the percentage of 106. In addition,
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Fig. 14. Comparing finite elements and compressive load-vertical displacement graphs obtained from the test results.

the vertical and horizontal displacements of Model-2 under
maximum load were higher than Model 1.

Among the vault test samples reinforced in different ways, Model-4
carried the highest load. To prevent cracks seen on the area where
the vault arc began in Model-1 and Model-2, CFRP strips in Model-3
and Model-4 were continued up to 150 mm below the springer. Ac-
cording to the test results, cracks on the springers were not observed.
In addition, the anchors applied prevented the debonding of CFRP
strips from the masonry units and increased the load-bearing ca-
pacity, allowing the structure to exhibit a more ductile behavior.

In Model-3, three anchors were applied to the lower part of the point
where the load was applied. Model-3 carried 16.96 % less load than
Model-4. The reason why it carries less load compared to Model-4

was that the anchor was made in certain areas and the inner part.
As a result of the experiment, it was observed that no cracks were
observed in the anchored areas, and in the non-anchored areas, the
CFRP strips were debonded from the masonry units.

e The test sample that carried the least load was Model-5, which was

reinforced with tie rods. The load-bearing capacity of Model-5
increased by 45 % compared to the reference sample. On the other
hand, the sample reinforced with tie rods showed more ductile
behavior than the reference sample.

At the end of this study, it was determined that CFRP materials

increased the load-bearing capacity in the repair and strengthening
works, prevented the development of hinges that occurred in four places
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(a) Reference Sample

Deformation magnitude=6 mm.
Max. tensile plastic strain=0.00439384
Load Factor= 8.394

(d) FE of Reference Sample
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eformation magnitude=6 mm.
Max. tensile plastic strain=0.02
Load Factor=33.8935

(j) FE of Model-3

(b) Model-1

Deformation magnitude=6 mm.
Max. tensile plastic strain=0.0148281
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(f) FE of Model-2

(i) Model-5
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Max. tensile plastic strain=0.00821261
Load Factor=12.180

(1) FE of Model-5

Fig. 15. Experiment and analysis results.

in the vaults, and decreased damage intensification. The anchoring
application showed that the CFRP strips used are not debonded from the
masonry units and increased the load-bearing capacity. Besides, it was
determined that CFRP strips should be continued up to the bottom of the
springer, where the vault arc begins, in the repair and strengthening of
the vaults.
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