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Abstract

During the April 25, 2015 Nepal earthquake, the Dharahara Tower, a 60 m high historical
brick masonry structure, located in Kathmandu collapsed completely. The tower was initially
built in 1832, having suffered a previous failure at mid-height in 1934. The 2015 collapse
event was previously analyzed by various authors using numerical models, focusing on the
likelihood of a bending failure, as it had happened during the 1934 earthquake. However, a
video camera recording recently found is not consistent with this mode of failure, as it shows
the top of the tower descending vertically more than 10 m, before the initiation of overturn-
ing. In the present paper, a discrete element model is used to analyze the potential collapse
modes. The model, based on the mechanical properties obtained in experiments on similar
local building materials, was subject to the seismic records measured in the accelerometric
station closest to the site. The new numerical model shows that a different type of mechanism
is possible, triggered by compressive failure at the base and progressing by shearing along
an inclined plane through the lower part of the structure. The results are consistent with the
video images and also with the geometry of the tower segment remaining at the site. Paramet-
ric analyses were performed to investigate the role of a long period pulse present in the seis-
mic records on the observed damage and collapse.
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1 INTRODUCTION

The 2015 Nepal earthquake caused a large number of human casualties and extensive
damage including the collapse of many historical structures and monuments [1, 2]. Images
and movies have documented the consequences of the event in various locations in Kathman-
du [3]. The performance of structures of different types during the seismic event has been
analysed by means of numerical models [4, 5]. The dynamic response of historical masonry
towers and slender structures has been approached by finite element models [6, 7], as well as
discrete element models (DEM), based on discontinuum representations [8, 9].

The present investigation is focused on the failure of the Dharahara Tower during the 2015
event [10]. This structure, built in 1832, has suffered damage and undergone several recon-
structions, namely after the 1934 earthquake, when it broke at mid-height. A recently found
video recording provides images of the early stages of collapse of the structure [3], showing
that the top of tower started to move vertically downwards by several meters before falling
sideways. Prior studies of the Dharahara tower using a discrete element model [11], or rock-
ing dynamics [12], focused on collapse mechanisms similar to the one observed in 1934, en-
suing from the cracking of bricks at mid height and followed by overturning of the upper part.
However, the recently found video evidence is not consistent with this more common type of
bending failure. The analysis of the remains of the tower show a “triangular” section still
standing suggesting the accident may have been triggered by a shear failure plane near the
base of the structure. A new discrete element model was developed to investigate this alterna-
tive collapse mode, applying as dynamic input the motion recorded in a seismological station
nearby, and using for comparison the video recording of the movement of the upper section of
the tower. If the shear plane failure is not considered, the present model provides solutions
similar to the previous studies [11].

2 THE 2015 NEPAL EARTHQUAKE

The Mw7.8 Gorkha earthquake of 25 April 2015 occurred on a segment of the Main Hima-
layan Thrust fault, a low-angle subduction interface between the Indian Plate and the Eurasian
Plate [13]. The epicentre was located about 80km WNW of Kathmandu, with the rupture
propagated towards the East, with a large part of slip occurring just North of Kathmandu [14].
The Dharahara Tower is located in the Kathmandu Valley. The valley contains deposits of
upper Pliocene to Quaternary clay, silt, sand and gravel. More than 300m thick muddy and
sandy lacustrine sediments overlay sand and gravel in most parts of the Valley.

Ground shaking during the mainshock was recorded at several stations in the Valley, and
the motion records at different stations have been compared [14, 15]. A striking feature of
ground motion recorded in the valley is a large amplitude pulse with a period of approximate-
ly 5s, which has been attributed to source radiation and local site effects including generation
of Love type surface waves [15]. The horizontal Peak Ground Acceleration varied from 0.13
to 0.26g, which is considered low for an earthquake of this size. This has been attributed to
the filtering of high frequency waves by the sediments of the Valley. The station KTP, lying
on a rock outcrop, recorded significantly lower energy (Arias Intensity) than stations in the
Valley, despite higher PGA at this station. The higher energy in the softer sites has been
shown to be mostly contributed by waves with period 5s [14].

The closest recording station to the Dharahara Tower is the KATNP at a distance of about
1.3 km [15]. Ground acceleration, velocity and displacement at this station are shown in Fig-
ure 1. The ground velocity in both horizontal and vertical directions is characterized by a
strong one-sided pulse, which results in a permanent displacement offset of 73, 177, and 110
cm in the West, South, and Up directions, respectively.
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Figure 1. Ground acceleration, velocity, and displacement at the KATNP station [15].

Elastic pseudo-acceleration spectra of horizontal ground motion at KATNP is shown in
Figure 3. A clear peak at a period of about 5s is clearly visible in the response spectra. The
Fourier Amplitude Spectra of acceleration recorded at the rock site KTP contains a significant
peak at a period of about 5s, indicating that the pulse is not entire due to basin and/or local
site effects [15]. Nevertheless, the 5s peak is much larger at KATNP than at KTP, which indi-
cates that the valley response amplified this pulse. The motion at KATNP is strongly polar-
ized on the horizontal plane, implying that the 5s pulse is a result of source effect and surface
Love waves generated and trapped in the valley. Another clear peak around 0.4s is dominant
in the N-S direction. When the motion is projected on the principal directions [16], which is
suitable for a symmetric structure like the Dharahara Tower, a clear peak appears at a period
of about 2s, which is close to the fundamental vibration period of the tower. At this period,
the motion seems highly anisotropic.
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Figure 2. Elastic response spectra (5% damped) of horizontal motion at KATNP station. (left) Correlated motion
in the EW and NS direction; (right) uncorrelated motion projected in the major and minor directions [16].
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3 THE DHARAHARA TOWER

The Dharahara Tower, 61m high, is an almost cylindrical structure with a gradual reduc-
tion of wall thickness along the height (Figure 3). The core is cylindrical and the helicoidal
stairway is supported by both the wall and the core, going up clockwise. The tower stands on
a conical pulpit with 8 levels, which gives access to the entrance door. The exterior wall is
divided into 7 sections bounded by cornices and several circular windows following the
course of the stairs. There is a balcony near the top of the tower, ending in a dome with a
bronze pinnacle. The doors, at the entrance and at the balcony, open to the East. The outer di-
ameter is 6.38m at the bottom, and 3.43m at the top. The wall thickness ranges from 1.82m at
the bottom, to 0.73m at the top. Typical brick size is 0.22x0.15x0.05m. Figure 4 shows the
collapsed structure after the 2015 earthquake, and a detail of the brick wall.

Figure 3. The Dharahara Tower, view and vertical cross-section.

Material properties for structures of the same era as the Dharahara tower cover a wide
range [17, 18, 19]. Compressive strengths of the bricks range from 4 MPa to 20 MPa. In some
cases, the reported values of compressive strength for prism tests are quite low, in the order of
1 MPa. At the base of Dharahara tower, with its 60 m height, vertical stresses up to 1.5 MPa
are estimated in the numerical model. Seismic events in the structure’s lifetime must have
induced higher stresses without apparent damage. Thus, the material strength is likely to be in
the upper range of the values published in the literature. In the present study, the properties
assumed for compressive strength are based on reference [11]. In the numerical model, the
uniaxial compressive strengths were taken as: brick, 10 MPa; mortar, 1.4 MPa; and, wall, 2.0
MPa. The wall Young’s modulus was taken as 3 GPa.

4 THE COLLAPSE

The collapse can be understood through images and video-camera footage. The post event
images show many of the material features, the brick arrangement, the stairway, the entrance
door, and the final disposition of all elements after impact on the ground (Figure 4). From the
images, we see that the collapse was almost total with two essential features: the formation of
an almost planar shearing surface at the first few meters of the tower at an angle of 65° with
the horizontal. The remains of the tower below this plane remained intact. The tower seems to
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have first slipped down this plane before overturning sideways in relation to the plane, disin-
tegrating almost entirely into many pieces (bricks and brick walls segments). The plane dips
Southeast with the lower tip near the entrance. The main debris rubble is located in the
Southwest. The pulpit was destroyed in front of the sliding plane and several bulky volumes
of bricks can be seen still forming cemented blocks.

Figure 4. (left) The remaining part of the tower after the 2015 earthquake; (right) detail of the brick wall.

The video camera recording [3], shot from the Southeast through a zone of trees and bush-
es, shows the collapse in its initial phase and the overturning of the tower (Figure 5). It does
not show the crushing of the collapsed tower on the ground. This video, even though of poor
quality, shows two important stages. The first is the vertical descent of several meters of the
upper part of the shaft with a small translational movement to the Southwest; then, after an
instantaneous stop, the shaft starts to overturn towards the back. The structure’s shaft is divid-
ed vertically into 8§ main segments, marked by peripheral salient rings, with an average height
of about 6 m (Figure 2). The video shows that, in the initial stage of collapse, 3 of these seg-
ments move down almost vertically, before the overturning movement initiates (Figure 5).

The use of video images to support back-analysis of structures is becoming an important
source of information, as more and more cameras are being installed. In the case of earth-
quakes, they may provide essential data to understand the behaviour of many structures dur-
ing these events [20].
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Figure 5. Video images of the collapse. a) b) Top of tower shaft moving down several meters and slightly west-
wards; ¢) overturning.

978



J. V. Lemos, C. S. Oliveira and R. Rupakhety

5 NUMERICAL MODELING OF THE TOWER COLLAPSE

5.1 Geometry and material properties

The discrete element model of the tower (Figure 6), was built with the code 3DEC [21], of-
ten applied in the analysis of masonry structures. The x-axis points in the East direction,
where the entrance is located, while the y-axis points North. The model geometry was gener-
ated inside 3DEC, using the script language Fish. The model is based on a rigid block repre-
sentation, the most common choice for dynamic analysis with discrete elements, as it is
capable of simulating the discontinuous nature of the masonry material without excessive
computational requirements. In a rigid block model, all the system deformation and non-
elastic behaviour are lumped at the joints. Thus, the jointing pattern is required to encompass
the expected modes of deformation and collapse. Failure through the blocks may be account-
ed for by cutting them with potential failure planes, which are assigned the strength of the in-
tact material and will fail only if the stresses reach that level. Given the large size of the
structure, the real dimensions of the individual bricks cannot be reproduced. The numerical
model blocks are much larger than the real bricks, but the joint properties which govern the
deformability of the rigid block system are calibrated to provide the intended global Young’s
modulus of the masonry material. Thus, zero-thickness interfaces represent the mortar joints,
as done in finite element micro-models. The numerical block size should provide a sufficient
number of joints to allow a variety of failure modes to develop through them. In the present
case, given the need to investigate the potential nonlinear behaviour in the lower part of the
tower, a more refined discretization was used there, reducing the joint spacing in the horizon-
tal and radial directions (Figure 6). The joint stiffnesses of each region are properly calibrated
to account for the different spacing, as described below. The block imbrication is given by
creating macro-blocks formed by 2 adjoining rigid blocks, as shown in the detail of a wall
segment (Figure 6).

Figure 6. Discrete element model of Dharadara Tower. Global view; detail of the wall blocks; and, detail of the
lower part with the potential shear failure plane.
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The Young’s modulus for brick assemblies was taken as E=3 GPa. The input elastic prop-
erties in a rigid block system are the joint stiffness parameters in the normal and shear direc-
tions. The joint normal stiffness was taken as E/s, where s is the average block dimension in
the direction normal to the joint, in order to provide an average uniform deformability inde-
pendent of the numerical block size. The joint shear stiffness was taken as half of the normal
stiffness. The nonlinear behaviour of the joints was based on a Mohr-Coulomb constitutive
model. For the horizontal joints, the strength properties were taken as those of mortar. Con-
sidering a uniaxial compressive strength of 1.4 MPa, the corresponding Mohr-Coulomb pa-
rameters were a friction angle of 30° and a cohesion of 0.40 MPa. The tensile strength of the
joints was taken as 0.20 MPa, half of the cohesive strength. The vertical joints in the numeri-
cal model are through-going while in reality the brick imbrication implies that failure along
these planes must cut through the brick material. Thus, the strength of the vertical joints was
taken from the brick material, with a uniaxial compressive strength of 10 MPa, a friction an-
gle of 30° and a cohesion of 2.88 MPa, and a tensile strength of 1.44 MPa. Table 1 summariz-
es the mechanical properties of the joints.

Horizontal ~ Vertical Inclined
joints joints plane
Normal stiffness (MPa/m) 1940 (U) 1900 (U)

3870 (L) 2860 (L) 000
Shear stiffness (MPa/m) 970 (U) 950 (U) 2500
1935(L) 1430 (L)
Cohesion (MPa) 0.40 2.88 2.88
Tensile strength (MPa) 0.20 1.44 1.44
Friction angle (°) 30 30 30

Table 1. Joint mechanical properties (U: upper part; L: lower part)

Assuming elastic behaviour of all joints, it is possible to obtain the natural frequencies of
the block system. The first bending mode, almost similar in the two orthogonal directions, has
a frequency of 0.5 Hz. The frequency of the second bending modes is 2.0 Hz, while the third
bending modes is 4.7 Hz. There is a torsional mode with frequency 4.6 Hz, and a vertical
mode with a frequency of 6.8 Hz.

The simulation of the earthquake was conducted by a time domain nonlinear analyses. The
code 3DEC employs an explicit algorithm, capable of representing the progressive changes in
geometry, with the consequent update of the location of the contacts between the blocks,
whenever a failure mode develops. Given the numerical stability requirement for this type of
algorithm, very small time steps have to be used, in this case in the order of 1.0x107 s, which
leads to large run times. Viscous damping was considered, based on the mass-proportional
component of Rayleigh damping with 5% of critical at 0.5 Hz. Frictional sliding at the joints
provides additional energy dissipation. The input motion was prescribed at the base block, in
the 3 directions, using the records measured at the KATNP station (Figure 1).

5.2 Base model. Bending failure mode

As discussed, the tower was previously analyzed by another 3DEC model [11], showing a
bending failure mode, with the upper part toppling above a hinge located roughly about mid-
height. The present 3DEC model is more refined, using smaller block sizes, and different ma-
terial properties values were assumed, based on the currently available experimental data
sources. However, when the seismic records were applied, the failure mode was qualitatively
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similar to the one obtained in the previous study, also involving bending and breakage of the
tower about mid-height (Figure 7). As explained in the previous section, this failure mecha-
nism does not fit the movement observed in the video, which shows the upper part of the tow-
er going down vertically for a few meters.

Joint normal stress magnitude
Compression (+)

1.2313E+0

1.2000E+01
1.1000E+01
1.0000E+01
9.0000E+00
8 0000E+00
7.0000E+00
6.0000E+00
5.0000E+00
4.0000E+00
3.0000E+00

2.0000E+00
1.0000E+00
0.0000E+00

-7.0725E-01

Figure 7. Base model, without considering the shear failure plane. (left) Collapse mode; (right) Vertical stresses
at the base of the tower at t =46 s (max. 12.3 MPa).

Inspecting the joint stresses which develop at the lower joints of the tower during the
seismic event, we see that the vertical component exceeds the brick strength, as shown in Fig-
ure 7. At t=46 s we have a peak of 12 MPa and at t=47 s, it increases to 17 MPa. This sug-
gests the possibility of compressive crushing or shear failure of the material near the base of
the structure, which was investigated as explained in the next section. The orientation of the
plane showing larger stresses dips downwards, passing through the door of the tower, empha-
sizing the role of that weak structural region in the overall behaviour of the tower.

5.3 Model considering the shear failure plane

The part of the structure which remained standing after the earthquake suggests that shear
failure took place along an inclined plane reaching the base of the tower (see photo in Figure
4). When using rigid block models, failure through the blocks can be simulated using the
“bonded-block model” approach [22]. In this type of model, rigid blocks are split into an as-
sembly of smaller blocks bonded together. The bond strength is based on the intact material
properties, and can be represented by the Mohr-Coulomb parameters cohesion, friction angle
and tensile strength. The interfaces between the sub-blocks define the potential failure planes.
If the stresses along these interfaces reach the strength envelope, the bonds break and the sub-
blocks start to slide or move apart.

The discrete element base model was modified by introducing a potential shear failure
plane in the lower part of the tower, according to the geometry of the remaining part (Figure
6). The properties of the contacts along the inclined plane were taken as the brick strength
listed above (uniaxial compressive strength of 10 MPa; friction angle of 30° cohesion of 2.88
MPa; tensile strength of 1.44 MPa). Failure on this plane only takes place if the stresses reach
the failure envelope of the intact material.
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The lower part of the model was simplified, replacing the steps by a sloping plane, repro-
ducing what can be seen in the images of the post-collapse situation. The dynamic impact of
the falling structure is difficult to simulate. Therefore, in the simplified model, this event is
essentially governed by 2 parameters: the stiffness of the new contacts between the falling
tower shaft blocks and the slope, taken as 194 MPa/m, in the normal direction, and half of this
value in shear; and, the friction angle of 30°. The stiffness value is low, intending to simulate
a relatively soft impact, as the structure is breaking into small pieces. There is no experi-
mental support for these values, but they only influence the results in the final part of the col-
lapse process.

During the dynamic analysis, at t=46.3 s, some contacts break at the bottom of the potential
shear plane, consistent with the large vertical stresses in this region shown in Figure 7. This
event follows immediately the peaks of 0.16 g in the applied acceleration record in the North-
South and East-West directions (Figure 1), which are likely to produce high compressive
stresses at this location. The failure quickly propagates upwards along the plane, so that at
t=46.8 s, all the shear plane is sliding, already with movements of about half a meter.

The sequence of the structural collapse process is shown in Figure 8. At t=48.5 s, sliding of
several meters along the shear failure plane brings the top of the tower vertically down, as
seen in the video. The sliding continues, and at t=48.5-49 s the tower wall starts to disaggre-
gate. Finally, at t=50 s, the tower overturns falling over the triangular portion. This final
movement does not agree with the observed result, as in reality the tower moved further side-
ways, essentially to the left, and did not destroy the triangular part. This disagreement is un-
derstandable, as much simplified numerical models always have difficulty in reproducing the
events after very large movements take place. Sliding down the shear plane, a rough surface
involving brick breakage, as well as the impact on the lower steps of the pulpit, are complex
phenomena which cannot be simulated accurately with the available data. Therefore, the final
part of the numerical simulation may vary significantly if we change the geometric and me-
chanical properties of the model. This is typically the case for analyses involving very large
displacements, where the outcome starts to depend on model details, e.g. how smooth is the
sliding plane cutting through the bricks. In addition, the process of breakage of the walls, seen
developing at t=49 s, also depends on how sharp is the impact of the sliding body on the ramp
at the model base, which is governed by damping and base properties difficult to estimate.
Moreover, we are using as input the ground motion recorded approximately 1.3 km away
from the location of the Tower. Actual ground shaking at the site, especially in terms of their
relative intensities and phases in the two horizontal directions is probably different from what
was recorded at KATNP. Due to these uncertainties, it is not possible to simulate properly the
final stages of the collapse process. However, the important observation that failure started
along a shear plane along which the upper portion slid for a few meters before hitting the
ground and toppling is accurately simulated by the numerical model.

Given the uncertainty about the material properties, another analysis was performed as-
suming the brick compressive strength to be 5.5 MPa [19], instead of 10 MPa. The initiation
and early stages of the collapse mechanism are similar, with sliding on the inclined plane. As
the sliding wall approaches the base, differences in the movement can be observed. The lower
compressive strength leads to a faster disaggregation of the lower section of the wall, fol-
lowed by a lateral overturning. The variability of the later stages of collapse is to be expected,
as noted above. However, the essential features remain unchanged.

In order to estimate the safety margin of the structure, parametric studies were performed
in which the input record was scaled by factors ranging from 0.5 to 0.9. For factors of 0.8 and
0.9, the same collapse mechanism occurred. For a scaling factor of 0.7, corresponding to ac-
celeration peaks in order of 0.11g, no collapse took place. There was no failure on the inclined
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surface, but shearing on a horizontal joint at about mid-height led to a permanent displace-
ment of 0.4 m at this joint. For 0.6 of input and lower, the structure survived with almost no
damage.

(a) t=47s (b)t=48s (c)t=49s (d) t=50s (view from NW)

Figure 8. Numerical simulation of collapse: (a) t=47 s, (b) t=48 s; (¢) t =49 s; (d) t =50 s, view from NW.

In order to study the effects of the 5 s pulse (Figure 2) on the structural response, a further
set of analyses was performed with modified input records, in which a band pass filter 0.3-25
Hz was applied to remove the pulse. These simulations did not lead to collapse. A scaling fac-
tor of 1.7 had to be applied to trigger the shear failure along an inclined plane and cause col-
lapse. In this case, the inclined plane would dip in the opposite direction, and the failure was
initiated at t=50s, when the acceleration peaks caused the higher stressing, this time at the op-
posite point of the tower base. These results indicate the significant importance of the low
frequency pulse deriving from the local conditions of the valley.

6 DISCUSSION AND CONCLUSIONS

A study of the collapse of Dharahara Tower, in Kathmandu, during the 2015 Nepal earth-
quake, partially observed in a video camera footage, was conducted by means of a numerical
model. The following conclusions can be taken:

*  The discrete element model reproduced quite fairly the main features of the observed
collapse mode of the tower. The model is based on a simple mechanical representation using
rigid blocks and frictional joints, therefore involving a relatively small number of input pa-
rameters.

*  This modelling approach provides the dynamic evolution of the structure from the ini-
tial stage to the complete collapse. Many simplifying assumptions are required due to the
shortage of experimental information and the computational limitations, so parametric studies
are important to evaluate their effects. In particular, the advanced stages of the collapse pro-
cess can never be fully predicted as they depend on many details.

* Even considering the significant uncertainties, namely regarding the ground motion
and the mechanical properties, it is possible to say that the model results are consistent with
the recorded video cameras and the post-collapse information.
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*  The low frequency pulse present in the input records, reflecting the local conditions in
the valley, was found to have a significant effect on the structural response of the tower.

*  The importance of video images to understand the structural failure was critical in this
case, as without the recorded images of the collapse initiation it would be impossible to re-
produce the events.
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