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Abstract: Brick domes have widely being used in historical buildings such as mausoleums, religious centers
and mosques. Low tensile strength of masonry constructions makes them vulnerable to earthquake induced
forces. Domes are stable and strong enough under gravity loads, but when tensile stresses exceed the tensile
bearing capacity of masonry cracks are appeared along the meridians. Under the earthquake loads these tensile
stresses can be rapidly increased and endanger the stability of the whole structure. Although, this drawback
may be removed by post tensioning but conservation and restoration of historical buildings are very delicate
operations requiring minimum interventions to save the original conception and historical value of the
buildings. For this reason the applicable retrofitting techniques for historical buildings are very restricted. In
this paper an innovated retrofitting technique using expanding grout is introduced. Expanding grout was used
for repointing  of  the  brick  joints and creating of the forces required for pre-stressing the bricks. To analyze
the behavior of the dome and observe the effectiveness of this method some experimental tests have been
carried out that are described in the following chapters.
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INTRODUCTION vaults and domes and a retrofitting method for these

During the past centuries, architects have employed out that the crack and failure due to tensile stress in piers
the masonry vaulted structures like masonry domes to and in the dome itself was the predominate modes of
cover long spans. These structures with big spans and failure [2]. This paper has focused on the hoop tensile
heights usually have been used in religious buildings and stress in the dome and the resulted failure mode.
holy places to illustrate the majesty of these monuments. Prestressing methods for retrofitting the historical
For this reason most of these historical structures are buildings have been used in some cases with prestressing
valuable as cultural heritage point of view and need to be elements which are usually made of metals and they had
rehabilitated and conserved. to be inserted in the masonry or install on the masonry

In  the  2003  Bam  earthquake wide spread damages structures [3].  This  method  causes severe damages in
to domes and vaults were observed in the historical Bam the structural or aesthetic features. The method proposed
citadel which is the largest adobe building in the world. in this paper does not have such unwanted effects while
Weakness of mortars and lack of appropriate maintenance rehabilitates joints in the same time. Experimental tests
were reported to be  the  main reasons of such damages have been  carried  out  to validate the effectiveness of
[1], emphasaizing the importance of seismic retrofitting of this method which is described in the following.
such buildings. A number of studies have been carried
out on retrofitting of domes and vaults in historical The Structural Behavior of Domes: Masonry domes are
buildings but there is still much more needed for research historically built in the form  of rings without centering
in this field. The present study has tried to investigate the and remain stable mainly due to compression in hoop and
performance  of  traditional buildings having arches, meridional  directions  [4].  During and after construction,

elements was proposed. Past earthquakes have pointed
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Fig. 1: Internal forces in a hemispherical dome Fig. 2: Measuring the volume expansion of samples by

the lower portion of the dome has tendency to bulge out
which induces hoop tension and cracks might appear
along the meridians. This tension can be increased by
earthquake vibrations and lateral forces resulting in
widening of the cracks and endangering the stability of
the structure. If the basic principles of equilibrium are
applied  to  a  small  element  of  a dome as a  shell  with
the  condition  that  the shell has no bending strength
(due to its small thickness), a set of differential equations
is obtained. These equations for a hemispherical dome Fig. 3: The diagram of the changes in height of samples
are: due to changes of percentage of expanding agent

T = W/2xSin . (1) have been  carried  out in the laboratory. The  test  has1

T2= PR-T1 (2) mixtures with different percentages of expanding agent

Where X is the horizontal distance of dome from the Z height of samples were measured using caliper (Figure 2).
axis at each joint, W is weight of the portion of dome The phrase “percentage of expansive agent”  which is
above X, R is the radius of the hemispherical dome,  is repeated  in  the text several times, means the weight ratio
the angle that the normal of the shell forms with the Z axis of  agent toward normal grout. The diagram of the
at each joint and P=w(cos ). All the parameters are changes in height of samples due to changes of
illustrated in Figure 1. percentage of expanding agent is drawn in Figure 3 which

These  equations  show  that  while meridianal shows that the expansion of mixture increases by raising
stresses are always compressive, hoop stresses change the amount of expansive agent.
from compression to tension when  reaches a certain
value that depends on the shape of the dome and the Measuring  the  Force  Induced  by  Expansion:  The
distribution of the load. For a hemispherical dome with pressure  due  to  expansion  was  measured  by  pouring
uniform load per unit area of its surface (such as self the  mixtures  in  the  joint  of  two  bricks  laid  besides
weight), the angle is 51.8 . As explained before, these each other in the set which is usually used for soil direct
hoop  tensions  produce  cracks along the meridians shear test (Figure 4). Expansion of mixtures pushes the
which might  widened  during earthquake and cause faces of bricks and the pressure has been transferred to
failure [5, 6]. the system. The value which was shown by the system is

Experimental Study: brick face area to obtain compressive stress. The results
Measuring the Expansion of Mixtures: Testes for are listed in Table 1, as it was expected the pressure
measuring the changes in volume of expansive increased when the percentage of expansive agent was
cementitious  mixtures  and the pressure  due to expansion raised.

caliper

been  implemented  using 5×5×5  molds. The cementitious

have been poured in the molds and the changes in the

the compression force which should be divided to the
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Table 1: Resultant force due to expansion of different percentages of

expansive agent

Percentage of agent Resultant compression Resultant

toward grout force(kg)  pressure(N/m )2

Sample 1 0 0 0

Sample 2 1.5 9.38 3876

Sample 3 2.26 17.286 7142.9

Sample 4 3 20.2 8347

Fig. 4: Measuring the resultant force due to expansion

Employing the Expansive Mixtures: When a dome is
generated by the intersection of two vaults, the forces
involved are identical to those of the vaults. But when a
dome is created by the rotation of an arch around a
vertical axis, another force is acting in it: the circular force
(hoop force). Domes generated by the rotation of an arch
are built with successive horizontal rings. Each block of
this ring behaves like the voussoir of an arch. Therefore,
it will create a thrust (in the plan of the ring) against the
next blocks.

The circular force in a “circular dome” is acting in a
horizontal plan, a  ring  and  can be assimilated to the
thrust which acts downwards  in  a vertical plan, in the
case of arches or vaults. Gravity force will obviously
transfer  vertically  the  circular force into the line of
thrust.  Therefore  the  stability of their arch section can
be studied  like  an arch. In addition the examples of
domes built all over  the  world through the ages show
that if arches or vaults are stable, domes of the same
section will necessarily be stable. Considering all these
explanations, simplification of building vaults instead of
domes in laboratory sounds to be true.

To perceive the effectiveness of the purposed
method, several arches have been made and loaded
instead of domes in the laboratory with grouts containing
different percentage of agent (Figure 5).

The Loading System: The  loading  system  is derived
from valise and is made of steel frame which was formed
to two baskets and was over hanged from the vault by
use of several metal tows as it  is  illustrated  in  Figure  6.

Fig. 5: The Vault Model

Fig. 6: The loading system of the vault

The gravity force was applied to the specimen by pouring
concrete blocks with  specific  weight at first and
secondly with sand and gravel in the baskets. To prevent
producing joint  load  at  the  spots of twos' location, a
rigid steel plate was placed under the twos in order to
distribute the load after tows and before vault. By use of
this system of loading, it became possible to assign the
body force to the vault.

Specimen: The first vault was made of brick units and
grout without expansive agent and loaded with the
system which had been designed for this test. It failed
when load reached to 700 Kgs. The pattern of hinges
which was appeared at the failure moment was very close
to the pattern which is available in theories. Figure 7
illustrates this accordance of the test and the theory.

The second vault was made of brick units and grout
with 1.5 percent of expansive agent and loaded with the
loading system. The vault collapsed when the load
reached to 780 Kgs. This collapse occurred unexpectedly
which was obviously a shear failure. The collapse had
been  happened  before that the pattern of bending hinges
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Fig. 7: Accordance of bending hinges in test with theory

Fig. 8: Pattern of cracks at the exact time of collapse

Fig. 9: Shear failure in second dome

completed and this time happened in support zones and methods of retrofit. This paper introduced an innovated
with the diagonal pattern of cracks on bricks. The pattern technique for retrofitting of masonry domes in historical
of cracks at the exact time of collapse and the supports buildings that can rehabilitate the dome without any
after collapse are shown in the Fig 8, 9. harmful intervention or disagreement with conservation

To verify that the shear weakness of bricks was the principles. Tensile hoop stresses has been reduced by
main result of the collapse, the shear strength of bricks adding expansive cement in brick joints and it is shown in
was measured by the special set for this purpose, the paper by experimental tests. The only external addition
separately. The force value, in which the brick failed, was to the dome is the expansible mortar which is injected
close to the force value in which the second vault between the bricks that may be covered by an appropriate
collapsed. Although the loading capacity of second vault paint.
has not increased significantly, the failure mode of the
vault changed from bending to shear and expansive grout REFERENCES
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