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The use of arches and vaults in Architecture and Civil
Engineering dates to the first river civilizations of
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Abstract

This research shows the results of an experimental campaign of masonry
specimens tested until failure. The masonry is made of special voussoirs for
the construction of arches and vaults. The voussoirs were made of plain
concrete. The experimental campaign focused on obtaining the flexural and
the compressive strength of this type of masonry specimens. Specimens were
subjected to compressive loads with different eccentricities to obtain the axial
load-bending moment interaction diagrams, which indicate the strength of
these pieces against eccentric compression. The ultimate purpose of this
research is to foresee the behavior of structural elements, such as arches and
lowered vaults with a circular directrix, built using this type of voussoirs. These
structural elements aim to reintroduce anti-funicular structural elements in
bridges, culvert, tunnel, floor, and roof of buildings. Constructions that solve
the basic needs of the population in any country. This innovative idea on a
new block geometry, designed specifically for construction of arches, allows
covering distances up to 6-7 m. The use of steel is not necessary; therefore, the
risk of corrosion is eliminated. Finally, a study on the use of this new masonry
type on the statics of arches is assessed.
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Mesopotamia. However, the Roman Empire developed
and spread this technique throughout Europe, being used
with great profusion in the construction of buildings and
civil works of all kinds until the beginning of the 20th
century. However, in recent decades the use of structural
elements such as arches or vaults in architectural con-
struction has practically disappeared. Stone blocks or
fired clay bricks have historically always been used to
execute these structural elements. The use of special
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voussoirs has been limited and the use of concrete in
precast elements has been rare.

Several previous works on constructions based on
masonry arches are cited chronologically: Manterola
studied' the different types of bridges in history. He
explained the design and bearing behavior of arch bridges
whose fundamental invention consists of arranging the
material in a certain way—the arch shape—so that
the transfer of the applied loads, from their location to
the supports, was carried out by producing predominant
internal compression forces. The arch was divided into
voussoirs of controlled size, shape, and weight. The vous-
soirs were more easily obtainable and manageable,
arranged in a certain order to save large spans. Lahuerta's
works stood out’ on calculation and design of steel
reinforced masonry walls and columns in buildings. The
results of these calculations were presented in various
tables to facilitate the proper design and construction of
these masonry elements. Grimm?® studied the adverse
effects of empty joints on masonry performance. Unfilled
joints in brick masonry weaken the walls. A method for
measuring empty joints was described and poor-quality
masonry works could lead to undesirable consequences.
Doherty et al.* addressed the problem of evaluating the
seismic strength of brick masonry walls subjected to
out-of-plane bending. A simplified procedure based on a
linear displacement was presented to provide that the
analytical results were as representative as possible.
Huerta® carried out a historical study on the design and
calculation of masonry structures in which the applica-
tion of limit analysis confirmed that the most restrictive
condition for the project is not strength, but stability.
For a structure to be stable, its structural elements must
have certain dimensions that depend, fundamentally, on
the geometric shape of the structure. Gilbert® examined
masonry arch bridges by means of numerical models using
advances in “force lines,” “rigid block” discretization and
combined ground-arch interaction models. Carbonell
et al.” studied the design of a reinforced concrete vault and
analyzed different solutions regarding its geometric design
and arrangement of the reinforcements with the help of
algorithms to obtain the economic optimization. Garcia
Sanz et al.® compared, from a sustainability perspective,
the environmental impact of a horizontal masonry struc-
ture using an edge vault, with respect to a reinforced con-
crete waffle slab, using techniques based on life cycle
analysis to quantify the energy consumed in the process of
manufacturing the materials and the construction of the
structure. Authors concluded that the vault consumed 75%
less energy in the construction process, emitted 69% less
CO, into the atmosphere, had an average manufacturing
cost for small spans similar to that of a conventional slab
and lower when large spans were covered, generated 171%
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less waste from packaging on site, although it required a
greater amount and more specialized labor. Authors
showed that the vaulted construction satisfies current
demands in terms of sustainability, as well as that this con-
struction technique can coexist with the technology of
today's society, resulting in a product with high economic,
functional, and energetic benefits. Coccia and others® ana-
lyzed masonry arch systems and vaulted structures. Small
displacements of the supports, due to different causes
among which the collapse of the foundation systems or
the movements of the underlying structures, can lead the
masonry arch to a collapse condition due to the gradual
change of its geometry. The authors presented a tool,
based on a kinematic approach, for calculating the magni-
tude of the displacements that cause the collapse of circu-
lar arches subjected to dead loads and for evaluating the
corresponding force value. Trias de Bes and Casariego'®
designed and built a new vaulted system with bricks and
reinforced concrete for a prototype house. Urruchi-Red"'
compared the mechanical behavior of stone bridges as a
function of the vault height and the backfill. Authors also
concluded that the most used directrix in bridges was the
semi-circular arch. Portioli and Cascini'? proposed a
model of discrete elements for the static analysis of large
displacements of masonry structures. In addition, small-
scale experimental tests subjected to imposed settlements
were carried out to validate the proposed model.
Thaickavil and Thomas'® studied the behavior of cracks
and the evaluation of the compressive strength of masonry
prisms. A mathematical model was also proposed for esti-
mating the compressive strength of masonry prisms by
performing a multiple statistical regression of the data.
The force prediction with the mathematical models was in
good agreement with the experimental data. Hernando
Garcia et al.** proposed a method of analysis that allows
to study the history of cracks in masonry arches until their
collapse. This is not only of theoretical interest because
the method can be used in the analysis of some critical
cases that occur in practice. When the deformations are
large, the geometry of the arch is severely distorted and
the stability cannot be studied with the original geometry,
it is necessary to proceed step by step considering the
deformed shape.

In some cases, voussoirs of special shapes or made
with polyvinylchloride (PVC) or plain concrete have been
used, as in the references [15-17]. Galassi and others' car-
ried out numerical and experimental investigations to ana-
lyze the vulnerability of voussoir arches subjected to
ground settlement. They employed small-scale arch
models, made of PVC blocks, and subjected to a horizontal
or a vertical settlement of the support. Pomares et al.'®
studied the advantages of the reintroduction of arches and
vaults as structural elements in current architecture. They
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TABLE 1 Parameters studied by authors

Parameter considered

Arches, bridges

Masonry, wall, mortar, concrete

Vault, keystone, brick

Calculation, design, construction

Environmental impact, sustainability

Strength, compression

Numerical model
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(2020)*
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Experimental tests

proposed a solution that did not need the addition of steel,
which eliminates the risk of corrosion.'® These techniques
also provided an easy way to build houses in any country.
This solution aimed at a more sustainable construction
and was specifically designed for new buildings, although
it could also be used in building retrofitting. The construc-
tion technique was simple, which few auxiliary technical
and human resources for its execution, based on a tradi-
tional construction, with very low environment impact
and took advantage of tradition and modern construction
technology. Abdulhameed et al.'” developed a new tech-
nique of concrete segments for the manufacture of
masonry arches, without the need of formwork. Authors
used two construction materials: concrete segments and
carbon fiber reinforced polymer. Pavlu and others'® stud-
ied a concrete mix containing recycled materials, consider-
ing the consumption of natural resources, as well as the
mechanical and thermal properties. The concrete was
intended to use in mortarless masonry wall structures.
Ten concrete mixes of different types and substitution per-
centage of recycled masonry aggregate and recycled
expanded polystyrene were prepared. The mechanical and
thermal properties were investigated experimentally.
Tempesta and Galassi*® presented a numerical procedure
for calculating the force lines in masonry arches. The two
limit force lines, which corresponded to the upper and
lower limits of the range, were finally used to calculate the

Portioli and Cascini (2017),'* Galassi et al. (2018),'® Pomares et al. (2018)'¢

safety of an arch through the identification of equilibrium
states and the geometric safety factor.

As previously mentioned, masonry arch systems and
vaulted structures can reach the failure due to the displace-
ments of their supports. Coccia and Di Carlo®' presented a
numerical tool for calculating the structure, considering the
gradual changes in geometry. The analytical model was
developed within the framework of the limit analysis,
according to a kinematic approach, modeling the masonry
as a rigid material in compression without bearing tension
and avoiding sliding failures. A parametric study was car-
ried out to understand the influence of the main geometric
parameters on the arch behavior.

As a summary, Table 1 shows the most relevant
parameters studied by the different authors mentioned
above.

Considering all this scientific background, the objective
of this research is to study the mechanical behavior of spec-
imens made with a special type of voussoirs. These speci-
mens will be subjected to centered compression, eccentric
compression, and simple bending in order to obtain their
axial load-bending moment interaction diagram and thus
be able to evaluate their strength capacity under different
load combinations. Subsequently, an analytical study of an
arch made with these voussoirs will be carried out and the
internal forces underwent by the arch will be compared
with the interaction diagram experimentally obtained to
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b) Basic concrete voussoir (c) Keystone concrete voussoir

(a) Starting concrete voussoir

uum

FIGURE 1 Geometry of the voussoirs: (a) start segment, (b) basic segment, (c) key segment

evaluate its bearing capacity under the actions considered
in the current design regulations.

2 | DESIGN OF THE
CONSTRUCTION SYSTEM
2.1 | Geometry of the voussoirs

Concrete voussoirs are used for the construction of the
basic structural elements: arches and vaults. They have
been made of plain concrete. Their shape has been
designed so that their weight is low and facilitate manual
handling by the operators. They have great compressive
strength and a “Z” design so that they can be placed in
the form of successive cantilevers. Each voussoir will be
supported with the previous one and will be locked with
a cement mortar. In this way, minimal auxiliary support
elements are required. With this system, an attempt to
return to the systems of the partitioned vaults of Moya
Blanco® and Guastavino® that required minimal form-
work is made.

Three types of voussoirs have been designed, one with
“Z” shape, which is the basic one that generates almost
the entire arch or vault, another with “L” shape that is
used in the starting of the arch or vault, and a “T” shape
keystone to close the arch or vault. A special starting
piece made of reinforced concrete can also be included in
the case of using a metal tie to absorb the horizontal reac-
tions of the arch. In Figure 1, the three types of pieces
that make up the arch can be seen.

2.2 | Geometry of the arch or vault

The purpose for which these voussoirs have been
designed and built is the realization of structural arches
and vaults that can be used for the construction of roofs

FIGURE 2 Front view of the basic geometry of the arch
(dimensions in m)

in buildings and other types of low-budget constructions
in safety conditions. The basic geometry of the arch or
vault is indicated in Figure 2.

This type of arch can be used to cover spaces and gen-
erate roofs using a basic module like the one indicated in
Figure 3.

3 | METHODOLOGY OF THE
RESEARCH

3.1 | Materials: Mechanical
characteristics

Conventional plain concrete poured and vibrated in
wooden molds expressly made for this purpose has been
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Vault

FIGURE 3
space

Perspective of the basic arch module to cover a

used for the manufacture of the three types of voussoirs.
The basic dosage of the concrete was 300 kg/m® of Port-
land cement with a compressive strength of 42.50 MPa,
with a water-cement ratio of 0.55 and a maximum aggre-
gate size of 20 mm. A plasticizer with a ratio of 1% of the
cement weight was used to improve the workability of
the concrete. The concrete compressive strength was con-
trolled in the different mixes by means of cubic test
pieces measuring 15 cm on each side, giving the average
concrete compressive strength of 39.2 MPa. The coeffi-
cient of variation of the statistical values with the highest
value was § = 0.0925, so that the dispersion of the results
was very low. The concrete characteristic compressive
strength was f,, = 27.7 MPa after performing the appro-
priate calculations and conversions according to EHE-08
design code.*

The mortar between the segments was dosed by volume
with the proportions of 1:4:1, following the order of cement,
sand and water. This mortar was tested under bending and
compression according to the UNE-EN 1015-11 standard®
with prismatic specimens of dimensions 4 x 4 x 16 cm?,
giving a flexural tensile strength fi,g = 4.91 MPa and a
compressive strength f;, = 18.48 MPa. Therefore, this mor-
tar can be classified as an M-18 according to the CTE-DB
SE F*° and the RC-16*" standards.

3.2 | Preparation of the specimens

The specimens tested in the present investigation were
15 prisms, all of them with the same geometry. The speci-
mens were made with five courses and 10 mm mortar

280

I 570 !

FIGURE 4
(dimensions in mm)

Basic geometry of the tested specimens

joints. The dimensions were: length b of 290 mm, the
width ¢ of 280 mm, and the height h of 570 mm. For the
preparation of specimens, two basic “Z” type voussoirs
were used in the three odd courses and two “L” type
voussoirs plus an intermediate “Z” type were used in the
two even courses. The geometry of the specimens is rep-
resented in Figure 4.

The geometric slenderness of the specimens in the
direction of the test load is 1:2.03, which is a value
close to 1:2 as recommended by the test standards
UNE-EN 1052-1,%® so that the metal plates with which
the loads are applied to the faces of the specimens did
not distort the results. The weight of each specimen
is 85 kg.

Twelve specimens were loaded under compression with
four different eccentricities e in batches of three. The
eccentricities chosen were ey =0 (centred compression,
no eccentricity), e; =t4 (eccentric compression, the load
is applied at the limit of the central core), e, =t/ (eccen-
tric compression, the load is applied in the middle half-
edge), and e; =14 5 (eccentric compression, the load is
applied with high eccentricity, near the edge of the edge).
The load was applied by means of a test frame with a
2500 kN hydraulic actuator. The control of the test was
displacement control type at a speed of 0.01 mm/s. Two
linear voltage displacement transductors (LVDTs) were
employed. They were installed on two of specimen faces,
located symmetrically with respect to the vertical direc-
trix (Figure 5). Data was acquired by using an 8-channel
acquisition card from HBK. The set-up of the test for the
12 specimens subjected to eccentric loading is shown in
Figure 5, where e is the eccentricity between the axis of
the load and specimen directrix.
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the experimental test
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FIGURE 6
experimental test

Likewise, as a complement to the 12 compression
tests with different eccentricities, 3 bending tests were
carried out to determine the value of the flexural ten-
sile strength. The load was applied by a 300 kN hydrau-
lic actuator. Displacement control was used at a speed
of 0.01 mm/s. The specimens were instrumented with
two LVDTs installed on one of its faces, located sym-
metrically with respect to its horizontal directrix
(Figure 6). Data acquisition was carried out using an
8-channel acquisition card from HBK. The duration of
each test was between 20 and 30 min approximately.

b | 2883
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Compression test set-up: (a) eccentric compression load set-up on a standard specimen (dimensions in mm), (b) an image of

Bending test set-up: (a) simple bending load set-up on a standard specimen (dimensions in mm), (b) an image of the

The set-up of the test for the three specimens is
reflected in Figure 6.

4

4.1

The results of the 15 tested specimens, 12 in eccentric

EXPERIMENTAL RESULTS

Strength capacity

compression and 3 in simple bending, are shown in
Tables 2 and Table 3 respectively.
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TABLE 2 Summary of experimental results of compression tests
Type of Eccentricity Applied
Type of load sample “e” (mm) load = N, (kN)
Compression  El 0 958.6
E2 869.4
E3 774.2
E Average 867.40
D1 46.666 576
D2 720
D3 638.9
D Average 644.97
C1 70 482.3
C2 580.9
C3 512
C Average 525.07
Bl 112 328.6
B2 419.5
B3 388.4
B Average 378.83
Tensile Extrapolation —75

oxi (MPa) M, (kN m)
0
0
0

10.68 0 1.00 1 0

Otk (MPa) O'ki/o'kg N* M*

26.88
33.60
29.81
11.91 30.10 1.12 0.744 0.991
33.76
40.66
35.84
12.93 36.75 1.21 0.605 1.211
36.80
46.98
43.50
23.33 42.43 2.18 0.437 1.398
0 —0.924

—0.086 —0.086 0

[T

Note: e, load eccentricity; N,,, ultimate axial load; oy;, ultimate compressive stress for eccentricity “i”: N/A;, where A; is the area shown in Figure 5a; M,,,
ultimate bending moment with respect to the center of gravity of the section, M,, = N, - e; oy, ultimate tensile stress: Nu/A,, where A, is the area shown in
Figure 5a; 6y, ultimate compressive stress for eccentricity “0”; N*, ultimate nondimensional axial load: N* = N,/N, = N,/(b - t - 60); M¥, ultimate

nondimensional bending moment: M* = M,/M,, = 8-M,,/(b - £ - 6x0)-

TABLE 3 Summary of experimental results of bending tests
Type of load Type of sample Applied load (kN) N, (kN) M, (kN m) o (MPa) 6kil ko N* M*
Bending Al 69.5 0 8.17
A2 67.1 0 7.88
A3 44.9 0 5.28
A Average 60.5 0 7.11 1.876 0.176 0 0.234

Note: o, ultimate bending stress: M,,/W,, where W, is the elastic section modulus.

As can be seen in Table 2, the greater the eccentricity the
greater the ultimate compressive strength of specimen oy
because the state of biaxial stress that the specimens undergo
due to the confinement (concentrated load effect). Table 4
shows the theoretical results of the tests, not considering the
effect of the concentrated load, for the compression tests. As
can be seen, ultimate axial load N, is transformed to another
smaller value called N,* where N* = o4*A;. Therefore N *
is the ultimate axial load of specimen considering that the
maximum normal stress it can bear is oy, Whatever the load
eccentricity. This is a safety side value, which could be con-
sidered for the design. In addition, the ultimate compressive
stress for each eccentricity o} considering the concentrated
load effect and de ratio 64y/0y have been obtained based on
Equation (1) (similar to that used for reinforced concrete). It

can be observed that these results indirectly obtained are
very similar to those shown in Table 2, which were experi-
mentally obtained.

4.2 | Stress-deformation diagrams

The deformations of the extreme fibers of the speci-
mens were obtained by using two LVDTs. The dia-
grams that relate the variation of the applied of force in
each of the specimens as a function of time, and the
displacements of the extreme fibers are shown in
Figures 7-10.
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TABLE 4 Summary of theoretical results of the factory specimens
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Theoretical results Concentrated load effect
Type of Eccentricity
Type ofload sample ‘e’ (mm) N, *(kN) o063 (MPa) M,(kNm) N* M* o (MPa) 61iloko
Compression E 0 867.40 10.68 0 1 0 10.68 1
D 280/6 = 46.666  578.27 10.68 26.99 0.667  0.889 13.08 1.225
C 280/4 = 70 433.70 10.68 30.36 0.500 1.000 15.11 1414
B 280/2.5 = 112 173.48 10.68 19.43 0.200 0.640  23.89 2.236
FIGURE 7 Applied load E1l sample
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FIGURE 8 Applied forces at the specimens D

Figure 7 displays the applied force in time of the E1
specimen in which the eccentricity of the load was 0 mm
(centered compression) with respect to its axis. The maxi-
mum force achieved during the test was 958.6 kN. Fur-
thermore, the shortening and lengthening recorded by the

the debonding between voussoirs and mortar took place
when 70% of the maximum load was reached. At this load,
LVDTs change their sign (Figures 7), that is, they began to
elongate and stop shortening. The data LVDTs provided
were valid up to that load value because when they began
to elongate, the specimen began to fail due to another
mechanism such as debonding voussoir-mortar.

Figure 8 shows applied force versus time of the speci-
mens D in which the eccentricity e of the load is 46 mm
with respect to its directrix. The highest force achieved was
720 kN in specimen 2, the lowest force was 576 kN for spec-
imen 1, while specimen 3 achieved a force of 638.9 kN.

Figure 9 shows the applied force with respect to the
shortening of the specimen C2, tested with a load eccen-
tricity of 70 mm with respect to its directrix. The maxi-
mum recorded shortening was 0.11 mm. In addition, the
test fit function has been calculated using a polynomial
of degree 5.

Figure 10 shows the applied force in time of the speci-
mens A tested under simple bending moment. The
highest force achieved was 69.5 kN in specimen 1, the

35UBD1T SUOLIWIOD SAITERID 3|qedl[dde ay) Ag peusenob aJe sajoie O ‘SN JO SN 10j Akeiq1 8UljuQ 8|1/ UO (SUONIPUCD-PUR-SWLIBIALI0Y AS|IM"AReIq 1[pu1[Uoy/:Sdny) SuonIpuoD pue swis 1 8y} 89S *[2z0z/TT/20] o Ariqiauliuo A[IM ‘90 UonssD A ssuopsInbpy a1uedl|y ad PepsiAIUN Aq £/500TZ0Z 0INS/Z00T OT/I0p/L0d" A8 IM Aeiq 1 puljuo//:Sdny Wwo1) papeoumod ‘G ‘220z ‘8v9.LTSLT



POMARES TORRES ET AL.

=1 fib

Force (kN)
450

C2 sample

400

350

300

250

200

150

FIGURE 9
eccentric compression (specimen C2)

Force-shortening in

——experimental test

----grade 5 polynomial adjustment

100

50

0 0.02 0.04 0.06 0.08

Shortening (mm)

A samples
80

- .« =force A3
70

= ==force A2

60 e force Al

50

40

Force (kN)

30
20

10

0 50 100 150 200 250 300 350

lowest force was 44.9 kN for specimen 3, while specimen
2 achieved a force of 67.1 kN.

5 | INTERPRETATION AND
ANALYSIS OF EXPERIMENTAL
RESULTS

5.1 | Effect of the concentrated load
An increase in the ultimate compressive stress at speci-
mens with eccentricity op Wwas experimentally

observed with respect to the ultimate compressive

0.1 0.12

FIGURE 10 Applied force in time
for type A specimens

Time (s)

400 450 500

stress at specimens with no eccentricity oy due to the
concentrated load effect; that varies from 1225 for
small eccentricities up to 2236 for large eccentricities
(Table 4). Figure 11 shows two curves that predict the
increase in the ultimate compressive stress, one
obtained experimentally and the other predicted by a
simple mathematical model according to Equation (1),
similar to that used for reinforced concrete. An
increasing nonlinear behavior is observed. The theo-
retical curve tends to overestimate the increase in the
ultimate compressive stress caused by the effect of the
concentrated load but it is nevertheless capable of cap-
turing the global trend of this phenomenon.
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FIGURE 11

5.2 | Axial load-bending moment
interaction diagrams

The Axil load-bending moment (N-M) interaction dia-
grams have been elaborated with the experimental results
of Section 4. Two N-M interaction diagrams have been
obtained: a dimensional one (Figure 12), with the real
values obtained in the tests, and a nondimensional dia-
gram (Figure 13), dividing the axial forces by the plastic
axial load N* = N/(b-t-6}0), and the bending moments by
the maximum plastic bending moment generated by the
section M* = 8-M/(b-t*-610); Where oy is the real com-
pressive strength from the factory for zero eccentricity
(centered compression). Both N-M interaction diagrams
include the curves obtained from the experimental
values, where the concentrated load effect is appreciated,
and another theoretical curve, where the concentrated
load effect has not been considered.

Figure 12 shows the ultimate axial loads on the
abscissa axis and the ultimate bending moments pro-
duced by the axial load eccentricity on the ordinate axis.
The curves have been fitted using a polynomial of degree
3. In addition, the three values of each test (curve 1 maxi-
mum value, curve 2 mean value and curve 3 minimum
value) have been represented. Likewise, the average of
the experimental values curve has been drawn, which is
curve 4. Curve 5 represents the theoretical N-M interac-
tion without considering the effect of the concentrated

Experimental and theoretical curves to determine the ultimate compressive stress considering the concentrated load effect

load. Curve 6 shows a theoretical extrapolation of the
result of a pure tensile test. Curve 7 has also been drawn
as a theoretical fit of the experimental results for curve 4.

Figure 13 shows the nondimensional ultimate axial
loads on the abscissa axis and the nondimensional bend-
ing moments on the ordinate axis. The curves have been
fitted using a polynomial of degree 3. Curve 1 shows the
experimental mean values with nondimensional values.
Curve 2 represents the theoretical nondimensional N-M
interaction without considering the effect of the concen-
trated load. Curve 3 has also been drawn as a theoretical
fit of the experimental results of curve 1.

This type of masonry, according to the experimental
results, has an ultimate bending moment M,, under simple
bending (no axial loading) with a value equal to 0.234-M,,
where M, is the plastic bending moment of the
section whose value is M,, = (b-t040)/8. This result leads to
the ultimate bending strength is 17% of the ultimate com-
pressive strength for centered compression, o, = 0.17-60.

If an extrapolation of the N-M diagrams is performed,
the pure tensile strength of the masonry can be computed.
It is an extrapolation since the tensile strength has not been
experimentally verified in this study. The result is that the
tensile strength would be 0.086-N,,, where N,, is the plastic
axial load of the section: N,, = b-t-6). This implies that the
masonry pure tensile strength is 8.6% of the simple com-
pressive strength, that is, o4 = 0.086-0o. This ratio is
greater than that found in the scientific literature by other
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authors,” ™ due to the fact that the mortar used in this
experimental research had greater strength than is com-
monly used in masonry construction. The special geometry
of the voussoirs can also influence this fact. Moreover, the
qualification of the workmanship is a factor that can influ-
ence the dispersion of the masonry strength.

The ultimate compressive strength of the tested
masonry with centered loading is 10.68 MPa, which is
a value in accordance with other similar masonries
such as concrete blocks and is an adequate value for
bearing the working stress of a section of an arch or a
vault. The Equation (2), proposed in the CTE-DB SE
F?° and the RC-16*7 standards, is used to analytically

predict the simple compressive strength fi of masonry
elements and its correlation with the experimental
results is correct (9.179MPa~10.68 MPa). The vous-
soirs in the structural arches normally work at compres-
sive stresses in service between 2 and 3 MPa, for spans up
to 15m and usual loads.* This interval is of the order of
25% of the fi obtained in Equation (2).

fr=K-fi-f8 =0.55.25%65.18%%
=9.179 MPa ~ 10.68 MPa (2)

where k, nondimensional coefficient that depends on the
number of holes in the prismatic element; f,, the
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compressive strength of the prismatic element; f,,, the
compressive strength of the mortar.

According to the both dimensional and non-
dimensional N-M interaction diagrams, the real masonry
strength under both simple bending and eccentric com-
pression, is much higher than the expected theoretical
strength since the curve of the experimental results is
above the theoretical curve. The reason is basically the
aforementioned concentrated load effect but also the fact
that masonry have relatively small flexural tensile
strength, but not zero, as is usually considered in the the-
oretically behavior.

In both, the dimensional and nondimensional N-M
interaction diagrams, the four straight lines that indicate
the studied eccentricities pass through the points of the
theoretical curves and through the points of the experi-
mental curves for those same eccentricities and all these
points are aligned with the origin.

A discontinuity is observed in the experimental N-M
curves for the eccentricity e, = t/4 = 0.25-t = 70 mm with
respect to the theoretical curve. This slight discontinuity
produces a drop in strength that may be caused by a pos-
sible defect in the construction or geometry of the
elements.

6 | DESIGN RECOMMENDATIONS

In this section, the mechanical behavior of the arch
shown in Figure 2 and created with the voussoirs studied
in this research (Figure 1) is analytically studied. Firstly,
the greatest internal forces that arch will experience are
calculated, considering applied loads according to current
design regulations. Next, these maximum internal forces
will be compared with the experimental nondimensional
N-M interaction diagram (Figure 13) to check if the arch
is capable of bearing the applied loads. Finally, the geom-
etry of the arch and the applied loads will be varied to
offer design recommendations. The objective of this study
is to check at a sectional level if the arch shown in
Figure 2 is capable of bearing the applied design loads.
The analysis of instability and possible local problems is
outside the scope of this study, which should be verified
in future investigations with experimental tests of arches.

Four types of boundary conditions were studied:
(1) both supports encastred, (2) one support encastred
and the other with all the degrees of freedom (DOFs)
fixed except horizontal displacement, (3) both supports
pinned, and (4) one support pinned and the other with
all the translational DOFs fixed except horizontal dis-
placement (isostatic arch). Configuration (1) corresponds
to that shown in Figure 2. Configuration (2) is studied in
the case of a horizontal displacement of one of the
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supports of the previous configuration occurs. Configura-
tion (3) is studied in case the fixity of rotational DOF fails
and (4) is studied in case, in addition, the horizontal dis-
placement of a support occurs.

6.1 | Applied loads

The considered applied loads are in accordance with
the CTE.”” The permanent loads are the self-weight
of the arch and the weight of a 30 cm thick slab
supported by the arch. The specific weight considered
for the masonry of the arch and for the slab is 23 kN/m>.
The considered uniformly distributed imposed load is
1kN/m* and a mobile point load of 2 kN, not acting
simultaneously. These imposed loads correspond to pass-
able roofs. The tributary width is 5 m, that is, the arches
are separates 5 m each other. The partial safety factors are
1.35 for permanent loads and 1.5 for variable loads.
Taking into account all these considerations, the
design load of the permanent loads is G4 = 49.1 kN/m,
the design value of the uniformly distributed imposed
load is Qg = 5 kN/m and the design value of point
load is Qpq = 3 kN.

The analyzed loading hypotheses are four: hypothesis
of maximum and minimum bending moments, with their
associated concomitant axial loads and the hypothesis of
maximum and minimum axial loads, with their associ-
ated concomitant bending moments. The uniformly dis-
tributed imposed load acts on the fraction of the arch
that generates the worst internal forces for each loading
hypothesis, as occurs with the point load.

6.2 | Internal forces
The fundamental hypothesis is that the arch curvature is
small compared to the transverse dimensions of their sec-
tion, or what is the same, that the radius of curvature is
much greater than the section height. This simplification
is normally applicable if the ratio of the radius of curva-
ture to the height is greater than 10,*® which is the case
of the studied arch. The assumption of small curvature
means that it is not necessary to apply a special theory of
curved parts, but the conventional theory of bending of
beams is directly applicable, considering only that the
domain of the structure is curved. Other adopted hypoth-
eses are: (1) neglecting shear energy since, by their own
definition, arcs are slender, so the shear energy is not
significant, (2) neglecting the axial stress energy.*®

Axes located in the keystone of the arch are adopted
(Figure 14). The expression of its directrix referred to
these axes is shown in Equation (3).
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y=VR>-x2—R (3)

On the other hand, the differential arch length fol-
lows the Equation (4)

dy2
ds dx”+dy —i—(!)dx

where:
v (5
dx VR

Hereafter a distinction is made between the encastred
and pinned arch in analytical procedure.

6.2.1 | Encastred arch

As the arch is symmetrical, the elastic center is on its
symmetry axis. The vertical coordinate of the elastic cen-
ter y is calculated using the Equation (6).

/ Vgrds
Y= (6)
/ Vpds

where: EI, Bending stiffness of the section. E is the elas-
ticity modulus and I is the inertia moment of the arch
section.

A new coordinate axis (&,7), which are located at the
elastic center and are parallel to the original ones (x,y)
are defined (Figure 14). The relationship between the
coordinates in both systems is shown in Expressions (7)
and (8).

£=x (7)

n=y—JYg (8)

Next, the arch analysis is carried out taking as hyperstatic
unknowns the three reactions in the left encastred sup-
port (force in direction & (F¢), force in direction 5 (F,)
and the bending moment (Mg)). Imposing unit values of
F¢, F,, and Mg, and using the corresponding compatibil-
ity equations, the matrix Equation (9) is obtained where
the only unknowns are F¢, F,, and Mg.*® The fact of
using the elastic center as the reference coordinate sys-
tem causes the hyperstatic unknowns to be uncoupled.
The force F; would become zero when the horizontal dis-
placement of one support was allowed.

. / Mn/gds
I, 0 07 [F:

0 ISO 0 Fr] == —/Mof/EIdS (9)

0 0 Iy Mg
/MO/EIdS

where:
Iooz/%ﬂds (10)
Igoz/fz/EIdS (11)
I, :/n%ﬂds (12)

MP, bending moment in each arch section in the isostatic
case (Figure 15).

Once the values of F¢, F,, and My are known, the
value of the bending moment for any section of the arch
is given by Equation (13).

M=M°—Fen+F,x—Mg (13)

The value of the internal axial load for any section of the
arch is given by Equation (14).

N =N° —F:cos(a) — F,sin(a) (14)
where N, internal axial load in each arch section in the

isostatic case (Figure 15).

6.2.2 | Pinned-pinned arch

In this case, it is not necessary to use the elastic center. The
arch analysis is performed taking as the hyperstatic unknown
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the horizontal reaction in the left support (A,). The expres-
sion for A, is obtained by imposing a unit value of said
reaction and using the corresponding compatibility equa-
tions (Equation 15).>® The force A, would become zero
when the horizontal displacement of one support was
allowed.

/MO/EI' (y+f)ds

* / (v-+/)’ds

(15)

where f, Arch height (Figure 14). M°, bending moment
in each arch section in the isostatic case (Figure 16).

Once the value A, is known, the value of the bending
moment for any section of the arch is given by the
Equation (16).

M=M"—A(y+f) (16)

The value of the internal axial load for any section of the
arch is given by the Equation (17).

N =N°—A,cos(a) (17)

where: N°, axial load in each arch section in the isostatic
case (Figure 16).

6.3 | Results

Table 5 shows the most unfavorable internal forces in the
arch after performing the analysis. These results are com-
puted considering the applied loads shown in Section 6.1

7 Ve (b)

for the four load hypotheses considered: hypothesis of maxi-
mum and minimum bending moments, with their associ-
ated concomitant axial forces and hypothesis of maximum
and minimum axial loads, with their concomitant bending
moments. The results shown in Table 5 correspond to those
originated due to uniformly distributed imposed load. The
point-imposed load causes much lower internal forces and
those results are omitted. According to the CTE*’ the uni-
formly distributed load and the point load should not be
considered acting simultaneously.

If the nondimensional values of the internal forces in
Table 5 are compared with the more conservative curve of
the nondimensional N-M interaction diagram of Figure 13,
which is the theoretical curve that does not take into
account the effect of the concentrated load, it can be con-
cluded that the arch can resist the applied loads to which it
is subjected. If the applied load is increased until the failure,
the arch can bear an additional distributed load of 1.8 kN/
m”®. This additional strength capacity can be used to bear
snow or wind loads, depending on the geographic location
of the arch.

Table 5 does not show the results when horizontal dis-
placement of a support is allowed (either in the pinned or
encastred case) because the internal bending moments are
very high and exceed the strength capacity of the arch. There-
fore, the design of the arch must assure that the supports do
not undergo horizontal displacements by means of steel ties
between the supports or any other mechanical mechanism.

The analysis was also carried out for different arch
lengths L (from L = 4 to 9 m) and for different tributary
widths the arch (from 2 to 8 m), keeping the radius at
6 m, as indicated in Figure 2. The results obtained were the
maximum distributed load extended in the region that causes
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TABLE 5 Most unfavorable internal forces in the arch

Load hypothesis of max. and min. bending moment

Max. absolute values Nondimensional values

Boundary conditions M, Nyt Min
Encastred-encastred  8.49 —343.19 —3.66
Pinned-pinned 4.36 —300.88 —7.00

Load hypothesis of max. and min. axial load

N, max M concomitant N, mi
Encastred-encastred —307.14 2.33 —349.79
Pinned-pinned —299.69 3.62 —342.73
L=4 L=5 L=6 L=7 =8 L=9
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FIGURE 17 Maximum allowable imposed distributed load for

a tributary width and arch length

the worst internal forces that the arch can withstand, that is,
the internal forces that are in the limit of the theoretical line
in the N-M interaction diagram (Figure 13). These results
are shown in Figure 17. The lower limit the load is 1 kN/m?,
which corresponds to the uniformly distributed imposed load
for roofs according to the CTE.” The rest of the loading
capacity can be used to bear snow loads or certain other
actions depending on where the structure will be located.
Therefore, the arch maximum length can be obtained for a
given tributary width and distributed applied load by using
Figure 16. For usual tributary widths of 5 or 6 m the maxi-
mum arch lengths would be 7 or 6 m, respectively. Arch
lengths beyond 8 m are not appropriate because the associ-
ated tributary width is very small and would require many
parallel arches to bear the roof.

7 | CONCLUSIONS

An experimental study of masonry specimens made with
special voussoirs subjected to centered compression,
eccentric compression and simple bending has been car-
ried out. Subsequently, an analytical study of an arch
made with these voussoirs was performed. The following

Nconcomitant M Nconcomitant M Nconcomitant

—319.94 8.49 343.19 0.42 0.59

—318.91 7.00 318.91 0.35 0.55
Mconcomitant N Mconcomitant N Moncomitant
1.05 349.79 1.05 0.61 0.05
0.00 342.73 0.00 0.59 0.00

conclusions can be drawn from the results of the present
research:

« When the masonry specimens are tested under eccen-
tric compression, an increase in the ultimate axial
stress oy is observed with respect to ultimate axial
stress in pure compression oy, because of the concen-
trated load effect, which varies from 1225 for small
eccentricities up to 2236 for large eccentricities.

« This type of masonry, according to the obtained
results, develops an ultimate bending moment M,
under simple bending with a value equal to 0.234-M;
where M, is the plastic bending moment of the
section whose value is M, = (b-t*-610)/8. The ultimate
bending moment stress oy (ox = M,/W,, where W, is
the elastic section modulus) of this type of masonry is
17% of the ultimate compressive stress under pure
compression, oy, = 0.17-0y.

« If an extrapolation of the N-M diagrams is performed,
the pure tensile strength of the masonry can be com-
puted 0.086-N,,, where N, is the plastic axial load of the
section N, = b-t-4. This implies that the masonry pure
tensile strength is of the order of 10% of the ultimate
axial stress: o = 0.10-030. This ratio is greater than that
found in the scientific literature by other authors,?*>°
due to the fact that the mortar used in this experimental
research had greater strength than is commonly used in
masonry construction. The special geometry of the
voussoirs can also influence this fact. Moreover, the
qualification of the workmanship is a factor that can
influence the dispersion of the masonry strength.

« The real masonry strength under both simple bending
and eccentric compression, is much higher than the
expected theoretical strength. The reason is basically
the concentrated load effect but also the fact that
masonry have relatively small flexural tensile strength,
but not zero, as is usually considered in their theoreti-
cally behavior.

« Comparison between the nondimensional values of
the internal forces in the arch obtained from the ana-
lytical study, and the interaction N-M diagram
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obtained experimentally, shows that the arch is capa-
ble of bearing the design regulations actions for a wide
range of arch lengths and distributed applied load
values. This is valid for both encastred and pinned
arches.

« The supports of the arch cannot undergo horizontal dis-
placements because the internal bending moments that
the arch would suffer would exceed its strength capacity.

+ The maximum arch lengths are 7 or 6 m for usual trib-
utary widths of 5 or 6 m respectively. Arch lengths
beyond 8 m are not appropriate because the associated
tributary width is very small and would require many
parallel arches to bear the roof.
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