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Abstract. A seismic vulnerability analysis carried out on the Stylite Tower at
Umm ar-Rasas, Jordan, which is a UNESCO World Heritage Site, is presented
in this paper. The monument, a unique survived example of stylite towers in the
Middle East, presents evidence of structural damage due to earthquakes. The
study was based on preliminary investigations, which consisted in Schmidt-
hammer tests executed on stone blocks and passive tromography tests on the
ground. Two models were implemented for the tower. In the first one, the tower
was considered as a rigid structure supported by means of an elasto-perfect
plastic cushion at the base. In the second one, a finite element model was setup,
with solid elements characterized by a Drucker-Prager yield criterion. In both
cases a push over analysis was performed, which resulted in a very low resis-
tance of the tower to seismic actions. The work is part of a preservation effort
which will include the design of a retrofit intervention.
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1 Introduction

The Stylite Tower of Umm ar-Rasas was built in the first half of the 6th century A.D.
The tower is 13.5 m tall, with a square base of side » = 2.52 m. On the external surface
35 rows of trimmed local limestone blocks laid dry are visible (Fig. 1a). A rectangular
hole of about 30 cm x 40 cm size, eccentrically placed, is the only void in the cross
section, for most of the height of the tower. It presents also a small chamber at the
basement, which reduces remarkably its effective cross-sections. Some of the external
blocks are laid to provide a connection with the internal fill, made of rubble masonry of
similar material. The masonry tower is founded on a concrete slab, directly placed on
the bedrock, with the same size of the tower base section and thickness of about 40 cm.
Some of the stone blocks are cracked, especially those on the base layer; furthermore,
some blocks located at different heights show relative displacement and the resulting
space between them has been recently filled with stone slabs. The limestone blocks are
also affected by different nature and degree of weathering. According to the available
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Fig. 1. (a) The Stylite Tower at Umm ar-Rasas, and (b) position of passive tromography tests
UARO1-UARO4

sources [1], the Tower was heavily damaged by a strong earthquake occurred in 759 A.
D., which caused the failure of the upper part of the structure originally covered by a
dome and a vaulted roof. The most recent destructive seismic event that affected the
area was the Jericho earthquake, occurred on July 11th, 1927 (Ml = 6.2), which caused
heavy damage in the close cities of Salt, and Amman. The earthquake probably caused
damage also to the Stylite Tower, due to its vicinity to the epicenter [2, 3]. According to
the Jordan seismic map the area is characterized by high seismicity [4, 5], with a peak
ground acceleration of 0.2 g, and a structural amplification of 2.5.

Based on previous studies on masonry tower structures [6-9] and other monu-
mental structures [10, 11], the seismic vulnerability of the tower has been evaluated in
the framework of the preservation effort, which will include the design of a retrofit
intervention.

2 On-Site Investigations

The area of Umm ar-Rasas is characterized by the presence of the Al-Hisa Phosporite
formation (Campanian-Maastrichtian), 55-65 m thick [12-15], and, in particular, of
the Bahiya coquina member, from few meters to 30 m thick. The blocks forming the
stylite tower are made of the same material excavated in an old quarry located near the
structure. Boreholes and laboratory tests on rock materials were performed in
November and December 2009 [16]. Successively, between 2014 and 2015, some
experimental analyses were carried out on the tower and the limestone rock. Schmidt-
hammer tests on stone blocks for in-situ assessment of the Uniaxial Compressive
Strength (UCS) of the tower limestone material, and four passive tomography tests for
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a field evaluation of the dynamic resonances of the soil/bedrock and tower structure
were executed.

The analysis of UCS was carried out on thirty-one stone blocks forming the first
three external base rows of the tower. On each block, a mechanical test using L-type
Schmidt Rebound Hammer was performed following the reference standards proposed
by ISRM [17] and ASTM [17]. A total of 310 measurements of rebound values on 31
limestone blocks were considered for the analysis. The same values were classified
according to rock strength classes proposed by ISRM (1978), in order to provide a
general view of the rock quality for any block analyzed.

According to the results obtained, about 6% of the samples are in R2 class, 58%
and 34% are in R3 and R4 classes, respectively. A total of twenty-nine limestone
blocks analyzed present a medium-high strength value and are coherent with UCS
values obtained by laboratory analysis for intact limestone blocks of Al-Hisa Phos-
phorite formation [18]. The lower values of UCS are mainly due to the high weathering
conditions and presence of cracks, which affect the limestone material mostly con-
centrated in the NE corner of the structure.

Horizontal to Vertical Spectral Ratio technique (HVSR) at the site was performed
using the Micromed’s tromograph “Tromino®” equipped with three orthogonal elec-
trodynamic velocimeter sensors and an internal GPS antenna. Measurements were done at
four positions in the vicinity of the tower in order to provide information on possible
stratigraphic amplification and/or about the dynamic interaction of the structure with the
soil (Fig. 1b) [19]. Tests lasting 20 min were carried out with a sampling rate of 128
points/s. Ambient noise was recorded and analyzed with “Geopsy”, an open source
software used for geophysical research and applications (ver. 2.9.0). By applying the
spectral ratio technique, an average H/V curve was retrieved for each site, as well as the
spectral ratios N/V and E/V between the single horizontal components (N for NS
direction; E for WE direction) and the vertical component of the motion for each location.

A very small amplitude of the signals results from the analysis of the whole spectra.
This outcome is coherently related with a low densely populated area such as Um-ar-
Rasas, that is far from usual sources of anthropogenic noise (e.g. traffic, industrial
activities). On the other hand, this situation resulted in records of ambient noise, whose
elaboration via HVSR technique is useful to detect the frequency peaks that can be
considered a good preliminary estimate of the fundamental resonance frequency of the
site.

Data elaboration highlighted the presence of two distinct ranges of frequency peaks.
The first range is between 1.0 and 2.5 Hz and can be quite clearly detected in all the
observed positions and curves except N/V for the positions UARO1 and UARO4. The
second range is between 4.0 and 6.0 Hz. A clear directionality of the H/V peaks has
been detected, more evident at UARO2 and UARO3 positions. As a final result, the
recording sites are close to the Stylite tower whose foundations were built directly on
the limestone bedrock that largely outcrops in the surrounding area. For this reason, the
frequency peaks are not due to the site stratigraphy, but probably are induced on the
ground by the tower.
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3 Push Over Analyses

3.1 Present Configuration

The experimental analysis described above has demonstrated that the limestone blocks
present very dispersed values of the strength, with lower values mostly concentrated in
the North and East walls. Taking into account the lack or bad quality of the mortar, the
irregularity of the joints, the absence or non-effectiveness of the transversal connec-
tions, a reasonable value of the UCS of the tower masonry is in the range of
5+10 N/mm?, and the corresponding Young’s modulus is between 5000 and
10000 N/mm? [20, 21]. The lower limit values are considered in the following;
N = W /Ny = 0.051 for compression strength f;, = 5.0 N/mm?> (where Ny = b%f,,, and
b is the side of the square base). The tower total weight is W = 1,800 kN, with an
eccentricity e,, = 0.021 m, along the straight line » (Fig. 2), considering the basement
and the original dome/vault structure. As a result, the cross section is all effective and
the maximum value of the stress is much lower than the allowable one. Therefore, the
hypothesis of a linear elastic behavior for the interface section in the present config-
uration is correct.

0.8

0.4

N/N,

-0.5
M /M 1 - M /Mo
7 0

Fig. 2. Limit surfaces LS1, LS2 and LS3 of the cross-section S2.

Two types of analysis were performed, (a) assuming a rigid structure supported by
means of an elasto-perfect plastic cushion at the base and (b) implementing a finite
element model, respectively. The reason for this approach is given by the geometry of
the tower and the mass distribution along the height, which suggests that under hori-
zontal loads yielding occurs first in the void section at the basement. Therefore, the
simple rigid model (a) with concentrated plasticity could give a good estimate of the
seismic capacity of the tower taking easily into account the directionality of the seismic
input, by construction of the three-dimensional limit surface of the critical section. The
second model does not suffer the limitations of the first one, being based on solid finite
elements capable of yielding, with a Drucker-Prager criterion for three-dimensional
stresses, suitable for the masonry of the tower.
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3.2 Rigid Model

Figure 2 shows the three limit domains of the base cross-section, related to the fol-
lowing limit states: (i) compression stress equal to zero at one edge (limit state LS1);
(ii) compression stress equal to f;, at one edge (limit state LS2); (iii) effective cross-
section uniformly compressed with stress equal to f,, (limit state LS3). In Fig. 3, M.
and M, are the bending moments normalized with respect to My = b’f,, / 8, i.e. the
maximum bending moment for the square cross-section. Consider the oriented straight
line r, passing through the gravity centre Q of the cross-section and the actual stress
point P and suppose that the eccentricity increases along r (Fig. 2). Given the mass
along the height of the tower m(z), if the increment of the eccentricity is related to a
horizontal seismic acceleration a(z), linearly increasing with the height, the relation
between the ratio F/W (between the horizontal resultant F applied at height z and the
weight W applied at center of mass, whose height is zy,) and the rotation o at the base
(the eccentricity e is a function of o):

F/W=(e—2z,-a)/zF (1)
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Fig. 3. Force — displacement curve for the rigid model (a) and section of the limit domain (b) at
loading path plane (gray arrow).

In Fig. 3a, the characteristic curve F/W versus the generalized displacement d (b is
the side of the square base), which can be deduced as the ratio between the work L of
the external load related with displacements d(z) and the generalized force F:

d=LJF = / m(2) - a(z) -d(z) - dz / /0 m(2) - a(z) - dz 2)

0

is plotted for f,, = 5.0 N/mm? and E = 5000 N/mm?, for the case of eccentricity
increasing along the direction r. As one can see, the maximum value of F/W, which
represents the horizontal acceleration, is very low if compared with the acceleration
spectral amplitudes at the site.

The section of the surface of Fig. 2 is represented in Fig. 3b for the considered case
with constant eccentricity. The loading path, in terms of the moment at the basement, is
shown by an arrow.
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3.3 Elastic-Plastic Model

A Finite Element model was set up using Ansys® computer code. SOLID65 elements
were used and the tower was supposed to be fixed at its basement. The modal analysis
provided the first three frequencies, reported in Table 1. The first modal shape presents
prevalent displacements along y axis, while the second modal shape has prevalent
displacements along x axis. The third mode is torsional; the higher modal shapes are
similar to the higher modes of a cantilever.

Table 1. Numerical frequencies (y and x are parallel to n and &, respectively).

Mode 1 2 3
f (Hz) 3.42|3.54|16.13
Prevalent motion | y X Torsional

After the analysis of the different models presented in literature, an elastic - perfect
plastic behavior was assumed for the masonry, and the Drucker-Prager limit domain for
three dimensional stress states, which is a smooth version of the Mohr-Coulomb cri-
terion, was adopted. Reasonable values of cohesion and friction coefficient are
¢=0.1 N/'mm® and p = 0.6, respectively [22]. Zero value for the dilatancy was
assumed.

Two pushover analyses were carried out, by applying an incremental distribution of
nodal forces according to the inertial forces of the first and the second modal shape (i.e.
+m¢; where m is the mass matrix and ¢; the i-zh modal vector), respectively (Fig. 4),
and plotting the force — displacement curves of the equivalent single degree of freedom
elasto - plastic oscillators.

Fig. 4. Nodal forces for nonlinear static analysis according to the first mode and the second
mode.
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In Fig. 5 the force-displacement curves for ¢ = 0.1 N/mm?” and p = 0.6 are plotted,
for force distribution simulating mode 1 and mode 2, respectively. The non-symmetric
resistance for forces simulating mode 1 (prevalent forces along y direction) is apparent,
due to the absence of symmetry in the section at the base of the tower. The difference
for mode 2 (prevalent forces along x direction) is less evident. In all the cases the
seismic capacity is very low with respect to the seismic demand requested by the code.
This latter, with reference to the cases represented in Fig. 5a, is equal to 0.011 (pos-
itive) or 0.019 (negative), whereas for the case in Fig. 5b is 0.015 (positive) or 0.013
(negative). Figure 6 show the plastic strain intensity at collapse for the first case and
highlights as the plastic strain is effectively concentrated at the walls of the base
chamber, whereas the remaining part of the tower remains in the elastic range. This is
consistent with the hypotheses assumed in the simplified model of the tower.

0.06 0.06
Mode 1 Mode 2
0.04 | c=01 = 0.04 | e=0.1
1=0.6 1=0.6
0.02 0.02
3 3
0 ~ 0
R =
002 | __ -0.02
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Fig. 5. Force — displacement curves for the elastic model.
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Fig. 6. Plastic strain intensity.
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4 Conclusions

The seismic vulnerability analysis carried out for the Stylite tower of Umm ar-Rasas
(Jordan) has been presented in this paper. The ground and the structural material were
characterized by means of in situ experimental tests and two distinct structural models
were implemented.

In the first model, the tower was assumed as infinitely rigid, but supported by an
elasto-plastic cushion at its base, whose length is related with the presence of a
chamber, which reduces significantly the cross-section area. The domains of the limit
states for this section of the tower were numerically derived, evaluating the safety in the
present stress state and under eccentricity of the dead load varying along selected
straight lines in the cross-section. Assuming the eccentricity as due to a triangular
horizontal acceleration diagram, acting along the rigid tower, the characteristic curves
generalized force — generalized displacement were plotted with reference to two dis-
tinct values of strength and elastic modulus of the masonry. A comparison with the
seismic actions, provided by the Jordan code for the site, shows a capacity much lower
than the demand.

The second approach was based on a FE model using solid elements, and material
characterized by elasto-plastic behavior and Drucker-Prager limit domain for three-
dimensional stress states. Three-dimensional load conditions were considered, using
forces proportional to the first two modal shapes weighted by masses. Force-
displacement capacity curves obtained by incremental static nonlinear analysis for
reasonable values of cohesion and friction show a very low performance of the tower
under seismic actions. Better results are obtained increasing cohesion over the
acceptable level in the actual state of the structure, and with the lower values of friction
coefficient, corresponding to more ductile behavior.
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