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%e cultural building Heritage is a valuable trace of the past social life in a city. One peculiar typology of building is the theatre or,
more recently, the cinema. Within this indoor space, the community of people actively live an emotional feeling over the time
causing memories linked to not only the show itself, but also to the place. Furthermore, cinemas are often located in city centers
where buildings are historical-oriented form the architectural point of view and, for this reason, their added-value needs to be
recognized. Currently, the modernization and the improvement of old cinemas is becoming an interesting topic in the field of civil
engineering. In order to empathize this aspect, the structural strengthening for a multiplex conversion of an historical cinema is
herein reported. %e studied structure required a seismic joint (separating the masonry to the reinforced concrete structural
bodies) and a severe strengthening of a very long span beam due to a relevant overloading (in seismic loads combination) caused
by the new architectonical project. %e numerical simulations demonstrated the validity of two bending strengthening systems
(i.e. Fiber Reinforced Polymer-plate and Beton Plaquè) in terms of both load bearing capacity and maximum deflection. %is
overview is a part of a larger study in the way of a global structural interventions which will also involve the masonry members.

1. Introduction

Currently, the construction business is more oriented on the
conservation, strengthening and regeneration of existing
buildings instead of new constructions. %is aspect is par-
ticularly felt in the case of the social and cultural building
Heritage. In fact, the public buildings often cannot be
erected in new places since the serviceability and the ac-
cessibility are linked aspects. %us, the structures located in
city centers need to be focused. An example is the cinema/
theatre. In Italy, there are many cases of old cinemas which
are now abandoned because not able to cover the modern
demand from the public anymore. In fact, the structures are
often ancient from the normative point of view (e.g. in
seismic capacity) and the projection rooms are inadequate in
terms of both the technology and the dimensions/capacity.
In order to reuse this important Heritage, the seismic update
is mandatory while a more functional architectonic project is

attended. %erefore, the structural analysis involves many
action steps: geometrical and structural survey (diagnostic),
global analysis ante-operam, choice of the strengthening
interventions, design, global analysis post-operam and
monitoring according to the ISCARSAH’s Recommenda-
tions and many other cases study, [1–6].

In the past decades, there were many examples of cinema
reconversions or updating, [7]. For example, in Italy many
cinemas were converted into multiplexes in the 2000s fol-
lowingmajor renovations: theCinemaMassimo in Turin, the
Cinema Orfeo inMilan and the CinemaMassimo in Lecce. In
particular, the Cinema Massimo in Turin was built in the
1930s and had only one auditorium with 1000 seats capacity.
It was re-designed a few years later due to the bombings of
1942 (II World War). Following the crisis of the 1980s, the
cinema was closed and re-opened in 2001 after a renovation.
Currently, the Cinema Massimo is arranged into three
projection rooms: one with 453 seats and two with 147 seats.
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%e Cinema Orfeo in Milan was opened in 1936 and
damaged in 1943 by bombing (again during the II World
War). It had a single 2500-seats auditorium and was con-
sidered for many years the largest cinema in Milan and
among the largest in Europe. In 2004, following a renova-
tion, the cinema was converted into a multiplex with three
new rooms: one with 720 seats and two with 290 seats.
Finally, the construction of the Cinema Massimo in Lecce
began in 1939, but it was interrupted during the II World
War, only to be resumed later. At the beginning, it had only
one theatre with 700 seats. Towards the end of the 1990s,
renovation work occurred and the cinema was converted
into a multiplex with five auditoriums: one with 675 seats
and an opening roof, two auditoriums with 150 seats, one
with 144 seats and the last one with 130 seats.

In the present paper, the case-study of the ex “Super-
cinema” inTrani is reported and discussed. %e study is new
and the findings are original. %e peculiarities of the selected
building are recognizable in its mixed-structure (almost half
masonry and half reinforced concrete made) and the
presence of a very long-span beam which is the target of a
Finite Element (FE) analysis herein performed.

2. Descriptions of the Building

%e so called Supercinema is placed in the center of the Trani,
a quite small city in the south of Italy (see Figure 1(a)). %e
structure consists in two adjacent bodies of a different
construction system: masonry and reinforced concrete (RC)
as illustrated in Figure 1(b). An intermediate floor makes the
conjunction of the two bodies.

Passing throughout the main entrance, according to the
original functional conception (Figure 2(a)), the building
has a load-bearing masonry structure, consisting of two
elevations above the ground. At the ground floor, the one
used for the cinema/theatre purpose, an entrance hall is
dominating the space; while a small projection room
(Figure 2(b)) is on the left opposite to the offices and the
toilets. %e roofs of the first level are barrel vaults, with a
maximum height of 5.20m. Before entering into the theatre,
a short-lived of the transition area under the conjunction
floor is found. It is a single-story area consisting of a
connecting slab. Here, a corner bar is located (Figures 2(c)
and 2(d)). %e RC-building which houses the theatre con-
sists of three floors above ground and one basement, all of
them can be accessed by stairs located at the corners. On the
ground floor there is the stage and the stalls, currently
without seats, while on the first and second floors there are
two galleries that will be converted into recreational areas
(on the first floor) and three additional halls (on the second
floor) as better shown in the next sections. When entering
within the “core” of the theatre, a very long span beam,
supported on octagonal cross section columns, dominate the
structural behavior and the architectural view (Figure 2(e)).
%e mentioned span is about 14m and, therefore, much
longer than the others, which have an average length of
4.00m. For this reason, a series of transversal beams were
constructed in order to limit the potential mid-span de-
flection (Figures 2(f) and 2(g)). %e other beams are

supported by prismatic cross section columns (Figure 2(h)).
%e whole photos views are reported in Figure 2 in order to
make the understanding of the building conceptual design
cleaner and easier.

%ere were about two thousand seats, which are cur-
rently dismantled. %e floor height of the stalls ranging
between 6.00m to 9.90m, while the height of the galleries on
the second and third floors is about 2.75m. Instead, the
height of the stage is 12.00m.

2.1. Territorial Framework. Trani is located on the Adriatic
coast, 45 km north from the capital city of Bari. Together with
Andria and Barletta, it makes one of the six provincial capitals
of theApulia region. According to an ancient legend, the name
Trani is linked to Tyrrhenus, son of the Greek mythological
hero Diomedes, who founded the city in the 3rd century a.C.
However, somemodern scholars have established two different
hypotheses regarding the origin of the name: the first is that
Trani may be the shortened form of Trajan (a name that may
have been given to the city in honor of the Roman Empire) and
the second is that the name derives from the medieval term
“trana”, which indicated an inlet suitable for fishing: an inlet
that currently corresponds to the city port. In urban terms,
Trani is divided into three main areas:

(1) %e historic center, surrounded by huge masonry
walls by 1846, embellished by palaces and historical
monuments, as well as, by narrow and winding
streets. It is the most characteristic area of the city,
close to the port and the cathedral.

(2) Nineteenth-century village, a wealthy and aristo-
cratic area, characterized by villas and palaces of the
period. %e Supercinema falls within this area.

(3) A residential andmodern area, which grew rapidly at
the beginning of the 20th century due to the ex-
pansion of the city. It branches off beyond the 19th-
century village, mainly to the south towards Bisceglie
and from the 1950s also to the west towards Andria
and Corato. %ere were no expansion northwards
towards Barletta due to the presence of the industrial
area.

2.2. Historical Background. %e Supercinema was commis-
sioned by Giuseppe Boccasini, who had returned to Trani
after had success in America, Domenico Di Mango, foreman
of the Aswan dam and an expert in reinforced concrete
structure, Domenico Persano, a large landowner from Lecce,
and Nicola Guacci, stationmaster, with his wife Lucia
Laurora. %e Figure 3(a) shows the principals of the
Supercinema at the early-stage construction. %e on-site
activities began in 1934 under the supervision of the engi-
neer Enrico Bovio and the inauguration took place the
following year, arousing great amazement from the Trani
public and numerous foreigners who flocked to the town to
see a film in the area’s first state-of-the-art cinema, even
though it was the only cinema with about two thousand seats
(see Figure 3(b)).

%e theatre has undergone several modifications:
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(i) in 1991 the renovation of the installations, the stage
and the dressing rooms;

(ii) in 1991 the construction of a false ceiling;
(iii) in 1995 the general renovations and adaptations;
(iv) in 2002 the construction of a new hall to replace the

second gallery and the conversion of an internal
room into a projection room.

However, it has now been closed since 2008 and sub-
jected to historical and architectural restrictions. Lastly, in
April 2019, the removing of the asbestos roof was performed.

2.3. In-Situ Surveys. %e accuracy of a structural strength-
ening design is based, above all, on the initial knowledge
mining phase, by carrying out a preliminary test campaign
that investigates the mechanical properties of the con-
struction materials, the geometry, the state of decay, the level
of damage, etc. According to Italian code NTC 2018 [8, 9],
based on the quantity and the typology (destructive or not
destructive) of the investigations carried out in the cognitive
phases, a certain LC (Level of Confidence) is reached. %e LC
has three options: LC1, LC2 and LC3. As a congruence, a
corresponding partial factor is identified, namely the CF
(Confidence Factors), which can assume the value of 1.35, 1.2
and 1 respectively. %e aspects that define the levels of
confidence are: geometry of the structure, construction
details, material properties, connections between the various
elements and their presumed modes of collapse. %e con-
fidence factor is used for the reduction of the average values
of the mechanical parameters from in-situ tests (e.g. strength
of the materials) and must be understood as indicators of the

level of detailing achieved. Concerning the herein reported
case-study, only the RC building was investigated by per-
forming non-destructive tests. Instruments used were the
pacometer, the thermo-camera and the combined SonReb
test. %erefore, the investigations were limited at that mo-
ment providing a LC1 and a FC� 1.35. More details of the
diagnosis are reported in the following sections.

2.3.1. Pacometer. In the Supercinema, the pacometric tests
were carried out on the beam with a 13.9m span and on the
30× 35 cm rectangular cross section columns near the exits
on the opposite side of the platform. By referring to the beam
(see Figure 4), the recordings revealed that the cross section
has uniform concrete cover with 1–2 cm thickness, a total of
5V20 bottom longitudinal reinforcement rebars and V8/
30 cm stirrups, although the span was not constant. %e
upper longitudinal reinforcement was assumed equal to
2V20 to be on the conservative side. On the other hand, the
column (see Figure 5) figured out an almost uniform
concrete cover with 1–2 cm thickness, a set of 3V20 lon-
gitudinal rebars per side and V8/35 cm arranged for
transversal reinforcement.

2.3.2. SonReb. %e in-situ compressive strength of the
concrete can be influenced by numerous factors, such as
carbonation, amount of internal reinforcing steel, as well as,
their location and/or the aggregate size. It is well-known that
the most accurate compressive strength estimation can be
determined by combining different testing techniques. For
example, the correlation of data from the Schmidt hammer
and ultrasonic tester to the existing compressive strength

(a)

Reinforced Concrete Structure
Masonry Structure
Other Owner’s Properties

(b)

Figure 1: %e SUPERCINEMA in Trani: (a) front view and (b) structure typologies individuation.
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(a) (b) (c)

(d) (e) (f )

(g) (h)

(i)

Figure 2: (a-h) inside photos and (i) plan with trigger points.
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data is one of the most accurate predictor investigations.
Researchers have developed an algorithm whereby the re-
bound value from the Schmidt hammer and the compres-
sion wave velocity from the ultrasonic test can be correlated
with actual compressive strength of the concrete. %e cor-
relation of the different testing methods with actual com-
pressive strength is commonly known as the SONREB (i.e.
SONic REBound) method. %e conducted investigation in
the Supercinema were performed on a series of two beams
and four columns and provided an average compressive
strength of the concrete equal to ∼23MPa.%emeasures had
a scatter <10%, thus no more investigations were needed
since the quality of the concrete can be considered uniform
in the RC structure.

2.3.3. ;ermo-Camera. %e area in front of the bar (see
again Figures 2(c) and 2(d)) was roofed with a horizontal
floor covered by a plastic-based countertop. %e latter,
when partially removed, allowed to point out the thermo-
camera. %e result is shown in Figure 6. A floor con-
necting the masonry and RC structures emerged by the
difference in temperature. It is evident the scheme of the
joists (at 9–10°C) and the brick pots (at 14–16°C). %is
floor was joined to the structures by a simply supported
lateral beams (Figure 7). Furthermore, using a laser meter,
it was discovered that the soffit of the floor is at an in-
termediate height between the soffit of the masonry
building and the soffit of the reinforced concrete building
according to Figure 8.

Figure 3: Historical photos: principals (a) and original structure design (b).
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Figure 4: Identification of internal reinforcing bars of the very long span beam: cross section (a) and longitudinal section (b).
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3. Architectural Project

%e Supercinema is intended to be converted from a cinema-
theatre to a multiplex with five projection rooms (three new)
and different areas for entertainment and/or alternative
service. While, the layout and functionality of the individual
rooms within the masonry building are planned to be

maintained unaltered according to Figure 9. So, an entrance
with a box office and bar corner, the auditorium (ROOM 2),
the office and a bookshop corner are prepared. On the
ground floor of the reinforced concrete building, the stalls in
ROOM 1 will be renovated. On the first floor (see Figure 10),
the galleries to the side of the stage will be converted into an
alternative use of the space with tables and chairs, while the

Section A-A′

350

350

350

350
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350

350

350

350

350

Stirrup detail Ф8

480

480

10

300

B

A A
′

3 
Ø

 2
0

H

Figure 5: Identification of internal reinforcing bars of the column: cross section (a) and longitudinal section (b).

Figure 6: %ermo camera outcomes.

6 Advances in Civil Engineering



one in front of the stage will remain in its original function.
On the second floor, the galleries at the side of the stage will
become two halls (ROOM 3 and ROOM 4) following the
1.80m extension of the ceiling, while the one at the front will
become an additional hall (ROOM 5) as shown in Figure 11.
Furthermore, toilets for the disabled and lift shafts will be
added. %e architectural design envisages seating arrange-
ments as follows: 54 seats for ROOM 2, 416 seats for
ROOM1, 56 seats for the first-floor gallery, 58 for ROOMS 3
and 5 and 63 for ROOM 4, for a total of 705 seats. A few
render views are illustrated in Figure 12 in order to give and
idea of the project when completed.

Expanding the floor between the second and third decks
in order to create three new halls at the current galleries

means a higher load due to both crowding and the presence
of seats that will act at along the almost 14m long span of the
beam which is already poorly reinforced. %erefore, in the
following paragraphs, the bending behavior of the beam is
studied, constrained at the ends by two simply supports in
order to maximize the deflection in the middle-span cross
section. Moreover, the strengthening is also simulated. In
particular, the beam was studied using finite element soft-
ware, i.e. MIDAS FEA NX [10], and the bending reinforced
was proposed because of the Superintendence advised
against the construction of a new support column at the
middle span of the overloaded beam. In this scenario, the use
of composite materials, i.e. carbon fiber plate (CFRP-Carbon
Fiber Reinforced Polymer) installed on the intrados, is a
suitable solution by taking advantage of their lightness, high
mechanical strength and high resistance to corrosion. In
addition, reinforcement was also studied using metal rein-
forcement plate on the intrados and extrados of the beam,
connected by connectors.

Figure 7: Detail of the connecting floor: identification (a) and zoom (b).

INTERMEDIATE FLOORS
OF THE R.C. STRUCTURE

INTRADOS OF THE
INTERMEDIATE FLOOR OF THE

MASONRY STRUCTURE

CONNECTION FLOOR

3.
20

4.
20

5.
20

Figure 8: Transversal view of the connecting floor.

EXIT

EXIT

EN
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Figure 9: Ground floor layout.
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4. Seismic Upgrading Project

Transforming the cinema into a multiplex, changing the
serviceability load of the building, does not only mean ar-
chitecturally designing the arrangement of the rooms, but

also possibly increasing the demand of a structural element;
therefore, the bending behavior of the beam on which the
floor to be extended was studied and its structural rein-
forcement was designed. With the help of Autodesk Revit
software [11], which uses the BIM (Building Information
Modeling) methodology, starting from the architectural
model (Figure 13(a)), the structural model (Figure 13(b))
was built with the structural elements (beams and columns
with their reinforcements and load-bearing walls).

Since the masonry building has not been investigated
and since the two structures are made of different con-
struction materials, a seismic joint was designed for sepa-
rating the two bodies and avoids the phenomenon of
hammering in the event of an earthquake. Particular at-
tention must be focused when two buildings are placed next
to each other, since in the event of seismic action they will
have a different response in terms of lateral displacement
depending on their mass and stiffness despite being sub-
jected to the same ground acceleration since having a dif-
ferent and independent vibrating mode. %erefore, the joint
must ensure an adequate reciprocal distance between two
adjacent buildings, whether new or existing. %is distance
was foreseen in the design phase by calculating the dis-
placements, due to seismic action, of the points of the
constructions facing each other and respecting the mini-
mum limits foreseen by the technical regulations. According
to the NTC 2018, a distance between two adjacent con-
structions must be ensured such as to avoid hammering,
which is equal to:

1
100

·
2 · ag · S

g
· h. (1)

With:

(i) h building height;
(ii) ag maximum horizontal acceleration at the site;
(iii) g acceleration of gravity;
(iv) S coefficient considering the subsoil category and

typographical conditions, equal to: S � SS · ST;
(v) SS stratigraphic amplification coefficient;
(vi) ST topographic amplification coefficient.

To calculate the maximum horizontal acceleration at the
site, the parameters related to the site were considered as
following listed down:

(i) nominal life (50 years);
(ii) class of use (III);
(iii) reference life (75 years);
(iv) spectrum (SLV 10%);
(v) probability of exceeding the reference life (10%);
(vi) return period (712 years).

%e outcomes are reported in Table 1.
A minimum distance between the two buildings of 4 cm

was computed. As can be seen in Figure 14, in order to
separate the two buildings (red line), the load-bearing walls
need to be cut (indicated by the green hatching), a 30 cm

SPACE FOR ALTERNATIVE USE

SPACE FOR ALTERNATIVE USE

Figure 10: First floor layout.

FLOOR TO BE EXTENDED

Figure 11: Second floor layout.
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beam is created (indicated by the yellow hatching) on which
the connecting floor will rest, and 3 rectangular 50× 30 cm
pillars and 1 trapezoidal pillar are built (indicated by the blue
hatching).

%e use of BIM was useful in the transition from the
architectural model to the structural model in order to better

understand the skeleton of the two structures and to be able
to produce the joint in a feasible way. %e global behavior of
the structure was studied using the PRO_SAP [12] calcu-
lation software in order to evaluate and verify the principal
stresses. Only the reinforced concrete building was modelled
by inserting beams, columns and floor frames. %e

(a) (b)

(c) (d)

Figure 12: Render simulation of the Supercinema: (a) recreation area, (b) ROOM2 and (c-d) ROOM1.

(a) (b)

Figure 13: Supercinema: (a) architecture and (b) structure evidences.

Table 1: Seismic data.

h S S S T ag/g F 0 T C

[m] [-] [-] [-] [-] [s]
9.90 1.20 1.00 0.107 2.5 0.37
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constrains were perfect fixed type. %e model and the acting
stresses represented in the Figure 15(a) and 15(b) were
obtained. It is evident as the critical element is the very long
span beam, which figured out the maximum bending stress
(see redo color in Figure 15(b)). In particular, the value of
the load acting on the beam, with the most unfavorable
combination (seismic combination), is 52.89 kN/m: this
value was then inserted as a uniformly distributed load on
the beam span to carry out the analyses with the Midas FEA
NX software.

5. Local Beam

%e bending deficiency of the very long span beam (VLSB),
about 14m, was before mentioned.%e problem is related to
two main aspects: the high sustained load on the span itself
ratio and the poor-quality concrete with the modest internal
steel strengthening (both stirrups and longitudinal steel
rebars). %erefore, the bending strengthening was focused
on the External Bonded (EB) systems and designed by means
of Finite Element Method (FEM). In particular the use of
laminate plates was considered by comparing two different
materials: carbon (CFRP - Carbon Fiber Reinforced Polymer)
and steel (BP - Beton Plaquè). %e numerical procedure was
assessed using the commercial code MIDAS FEA NX [10]. It
is in the knowledge of the authors that themajority of the RC
beams tested in the laboratory have a length ranging in
3–5m according to the literature, [13–16]. In particular, the
adopted test setup is simply supported with punctual applied
load (P) in almost all cases. In [17] it is possible to observe
the continuous (on three supports) RC beams with an ex-
ceptional length of 8.5 meters, but the test setup adopted
reported the RC beams with two bending spans of 4.25m. In
[18] it is possible to observe different boundary conditions,
at one end the RC beams was clumped while at the other end
a torsional constraint in order to test beams at torsion.
Definitely, the literature regarding the case study presented
in this work (type applied load and the entire RC beam long)
is poor.

5.1. Geometrical Modelling and Boundary Conditions. %e
beam was three-dimensions (3D) modelled in order to
replicate the entire beam in the most reliable way. Since the
imposed load was full-gravitational oriented, the end con-
strains were simulated to be reactive only against the vertical
translation. In addition, one of the ends constrains was also
set to avoid the horizontal translation in the perspective of

numerically consider an isostatic structural member.
However, the considered beam was a continuous element
simply supported by many columns (more than two), the
static schema was assumed to be the uniformly distributed
load on two simply supports, in order to emphasize the
deflection in the middle of the beam given the high span of
about 14.0m. It is felt by the authors that the choice is
consistent with the real case study since the critical span was
highly longer than the others while the overloading is acting
only on it. Moreover, the limited number of the internal
rebars, associated to their level of corrosion, are both factors
indicating that a rotation at the ends of the VLSB is po-
tentially reliable and, anyway, on the conservative side. %e
geometry and the internal reinforcement are both illustrated
in Figure 4. %is modelling technique, find in literature
[19–26], is useful for establishing the real behavior and the
complete crack pattern along the entire beam. %e technical
literature is rich of case studies where the FE technique is
used to study the behavior of the entire structure or indi-
vidual members [27–35]. %e herein considered beam was
modelled using a structured mesh with tetrahedral type
elements. %e characteristic element length equal to 10mm
was evaluated through the relationship provided by Midas
[10]. %e internal reinforcement was modelled through a
linear truss, while the external reinforcement was modelled
by a shell element with linear interpolation functions. Fi-
nally, a perfect bond was assumed both between the beam
and external reinforcement and the concrete and internal
reinforcement. In Figure 16, a 3D FE mesh was reported. In
particular, the adhesion between the concrete and the
reinforcing rebars was defined through the internal function
called embedded regions. %e embedded technique is used
to specify that the internal reinforcement is embedded in
host elements (beam).

5.2. Materials Model. %e concrete smeared cracking
function was used to model the two principal concrete
failure mechanisms such as the tensile cracking and the
compressive crushing. %is model is designed for the ap-
plications in which the concrete is subjected to essentially
monotonic loading and it uses oriented damaged elasticity
concepts (smeared cracking) to describe the reversible part
of the material’s response after cracking failure. %e con-
stitutive compressive law of concrete was modelled by non-
linear relationship proposed by;oronfeldt et al. [36], where
fc and εc are the compressive strength and relative strain.%e
descending branch is possible to define it through a

Figure 14: Seismic joint location.
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coefficient k, as reported in [36]. %e constitutive tensile law
was modelled by the relationship proposed by Hordijk, [37].
%e model’s parameters used are the tensile strength
ft � 1.59MPa, the fracture energy Gf � 0.08N/mm. In Fig-
ure 17 the materials constitutive laws were reported.

%e steel constitutive law used to model the longitudinal
steel and the stirrups was considered bymeans of elastic-plastic
hardening trend, both in tension and compression. In the
linear elastic range, the behavior has been defined by the
density (ρ� 7.85 g/cm3), Young’s modulus (Es� 210GPa) and
Poisson’s ratio (υ� 0.3). Instead, the plastic-hardening branch
has been defined through the yield strength (equal to356MPa),
the ultimate strength (equal to 856MPa) and the deformation
values corresponding to the two strengths considered. %e
investigated beam was reinforced with two reinforcement
systems CFRP and BP. Both systems were modelled as a
homogenous material by a shell element with the linear in-
terpolation functions. %erefore, the constitutive tensile laws
were linear elastic until failure for the CFRP system, while
linear elastic until the yield stress and then perfect plastic for
BP-system. %e input data parameters are modulus (Ef),
thickness (t), yield stress (fy) and the ultimate strain (εu) and

they were summarized in Table 2. In addition, the CFRP system
has been applied on a part of the beam width equal to 15 cm in
the tension zone, while the BP systemwas applied on the whole
beam width. In particular, the external reinforcement was
applied both in the flexural compression and tensile side of the
existing beam.%e two steel plates, in the numerical model was
not connected. %e selected reinforcement systems are BP and
CFRP. Both systems have the drawback of employing skilled
workers. %e CFRP system presents a thickness of just over
1mm and its installation is easy and fast. %e main advantage
consists of the not sensitivity to the corrosion differently to the
steel. %e disadvantage of CFRP is that it has linear elastic until
the rapture behavior whichmeans poor ductility. Furthermore,
it is sensible to high temperature. %e BP system has greater
resistance to high temperatures and has non-linear behavior.
%e disadvantages are the thicknesses and installation time of
the reinforcement.

5.3. Numerical Results. %e analysis was conducted under
enforcing displacements–λu in y-directions and the non-
linear equations were solved by the well-known Newton’s

(a)

(b)

Figure 15: RC-structure global model in seismic load combination without any strengthening: (a) beam and 3D model and (b) results.
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modified method. %e aim is to recompute the global
stuffiness of the structure at each load step. Consequently,
the method is costly from the computational point of view in
the n-step while faster at global level. Moreover, the New-
ton’s modified method for determining a root of a nonlinear
equation f(x) = 0 has long been favored for its simplicity and
fast rate of convergence. Newton’s modified method itera-
tively produces a sequence of approximation that converge
quadratically to a simple root. While a few rules with higher
order convergence have long been known, these have the
disadvantage of requiring higher order derivatives.

Figure 18 shows the numerical curves in terms of applied
total load versus mid-span section deflection. In addition,
the dashed lines indicate the load value to which the existing
beam is currently subjected, which is equal to 224 kN (green
line), and the load to which it will be subjected after the
change of serviceability of the building and, at the same time,
the extension of the floor (see Section “Architectural proj-
ect”) or rather equal to 589 kN (orange line).

First of all, from Figure 18 it can be seen that the actual
capacity of the beam (black line) is largely major of the
potential original design load (i.e. 224 kN), while it is dra-
matically minor when compared with the demand reached
after the multiplex conversion (i.e. 589 kN).%e red and blue
numerical curves represent the reinforcement scenario of
the existing beam with CFRP and BP, respectively. Both the
reinforcement systems resulted, in terms of applied load, to

(a) (b)

Figure 16: Geometrical modelling and FE resolution: (a) concrete and (b) internal reinforcement.

f

fc

O ε

(a)

f

fc

O ε

GI/f h

(b)

Figure 17: Material constitutive laws: (a) compression and (b) tension.

Table 2: Parameters for the EBs.

External reinforcement E [GPa] t [mm] f y [MPa] ε u [%]
CFRP plate 170 1.4 — 1
BP 210 5 275 2
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Figure 18: Load vs deflection law: comparison of the results.
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have greater load bearing capacity if in contrast with the
required limit load, again 589 kN. On the other hand, the
bending capacity expressed in terms of deflection is a further
crucial aspect. In fact, the CFRP solution exhibited a larger
deformation (i.e. 200mm) at the mid-span level when
compared with the BP alternative before the yielding (i.e.
61.44mm). nonetheless, in both cases the deflection is rel-
atively low if normalized per the span of the beam providing
an optimal solution in order to take into consideration of the
limitations in the Italian standard [8]. Furthermore, the
stiffness in the elastic range is considerably higher for BP
instead of CFRP. Moreover, according to Figure 18, the
reinforcement called BP satisfied the mechanical perfor-
mance required of the structure post-opera. %e adopted
solution affords the reinforced element an increase in terms
of initial stiffness if compared with the other solution.
Moreover, the BP reinforcement system in terms of midspan
deflection after the yield point shows an applied load re-
sponse curve with a plateau very emphasized. %is solution
presents a disadvantage in terms of added thickness (see
Table 2) in comparison with the CFRP reinforcement

technique. %e reliability of the proposed FE model is tes-
tified also by the evaluation of the failure modes. At this
scope the comparison of the crack patterns at the first crack
opening step and at the ultimate limit state condition are
illustrated in Figures 19 and 20, respectively. As expected,
the first crack (in red) opens at mid-span level and the next
one trend to have constant distance each other in between
two consecutive stirrups. By observing the ultimate state, the
development of the cracks (again in red) is more evident
with a pseudo vertical trend. It is also noticeable that the
number of cracks is almost the same in all the configurations.

6. Conclusions

%e case study herein presented report on the common
problem of overloading and seismic deficiency due to the
chance of serviceability of a cultural Heritage: the Super-
cinema in Trani (Italy). %e study dealt with a scientific key,
or rather the aid of advanced tools for surveying, analyzing
and verifying the structures. In order to be able to carry out
the three new projecting rooms in correspondence with the

(a)

(b)

(c)

Figure 19: Crack pattern when the first crack opening: (a) B-Control, (b) CFRP and (c) BP.

(a)

(b)

(c)

Figure 20: Crack pattern at ultimate limit state: (a) B-Control, (b) CFRP and (c) BP.
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current galleries on the second floor, it was decided to design
the attic between the second and third deck. In these new
rooms, the overloading was fully located on an approxi-
mately 14m long span RC-beam.

Before proceeding with the study and reinforcement of
the beam, since the building is composed of two adjacent
structures of different construction system, the structural
model was first developed, starting from the architectural
model, thanks to the help of the Autodesk Revit BIM
software that allowed to better understand the position of the
structural elements. Subsequently, a seismic structural joint
was designed in order to “separate” the two structures.

Secondly, modelling the beam within the Midas FEA NX
finite element software was performed aiming to simulate
the bending strengthening by means of both CFRP-plate
(CFRP) and Beton Plaquè (BP), in a non-linear static
analysis. %e results demonstrated the effectiveness of the
two proposed solutions in terms of both loads bearing ca-
pacity (almost doubled) and mid-span deflection (ranging
between two and three times more). It was found the steel
strengthening is the most suitable for the intervention since
it is significantly stiffer.
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(is article presents an alternative method for the long-term monitoring of heritage pagodas in (ailand. In this method,
terrestrial laser scanning (TLS) is used in combination with permanent survey markers. (e Wat (temple) Krachee in the
Ayutthaya Province of (ailand was chosen as a case study. (is temple has several fantastic elements, including an inverted bell-
shaped pagoda, two intertwined trees growing within it, and a chamber inside the pagoda. (e preservation team working on the
pagoda encountered a challenging problem and faced a decision to trim or not to trim the tree since it has a long-term effect on the
pagoda’s structural stability. A high-accuracy terrestrial laser scanner was used to collect three-dimensional point cloud data.
Permanent survey markers were constructed in 2018 to be used in long-term monitoring. (e 3D surveying of the temple and the
monitoring of the pagoda were carried out in five sessions during a period ending in 2020. A point cloud data analysis was
performed to obtain the current dimensions, a displacement analysis, and the pagoda leaning angle. (e results revealed that the
terrestrial laser scanner is a high-performance piece of equipment offering efficient evaluation and long-term monitoring.
However, in this study, permanent survey markers were also required as a benchmark for constraining each monitoring session.
(e 3D point cloud models could be matched with the assumption model elements to evaluate the damaged shape and to
determine the original form.(e significant elements of an inverted bell-shaped pagoda were investigated. Trimming the tree was
found to cause the leaning angle of the pagoda to decrease. An equation was developed for predicting the leaning angle of theWat
Krachee pagoda for preservation and restoration planning in the future. From the results of this study, it is recommended that
periodic monitoring should continue in order to preserve (ai pagodas in their original forms.

1. Introduction

(e cultural heritage sites of (ailand are considered an
invaluable resource for the nation. Over time, the heritage
sites have been inevitably affected by natural disasters and
damage by humans. For this reason, assessment and
monitoring of the historical structures are essential to
prevent future damage. In traditional surveying methods,
the surveyors or engineers must collect information by hand,
which is a time-consuming process with low precision. It
also requires a surveyor’s specific expertise to investigate the

anomalies of this historic structure. Today, the most effective
instrument for surveying and monitoring is the terrestrial
laser scanner (TLS). It has been used for the massive col-
lection of three-dimensional data for structures in their
current condition. An advantage of this technology is the
relatively short time and its high accuracy in digitizing real-
world objects [1]. (is information can be processed and
developed for the assessment and risk management of
historic buildings [2–4]. Previous research has reported the
application of the terrestrial laser scanner in engineering,
architecture, and various other fields, such as prototyping
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[5], geomorphology [6], and characterization of slope in-
stability [7]. In terms of the conservation of historical
buildings, surveying based on TLS technology has various
applications, such as roof deformation analysis [8], defor-
mation monitoring of structures [9–11], geometric anom-
alies analysis [12, 13], and leaning angle analysis [14].

Many researchers have utilized terrestrial laser scanners
for data collection to assess structural stability and conduct
seismic analyses of historical buildings. For example, Jiao
et al. [15] carried out a building damage analysis from
earthquake loading by acquiring data from 3D laser scan-
ners. (e results revealed that the three-dimensional in-
formation from TLS provides enough data for the analysis of
building damage. Fortunato et al. [16] studied the seismic
vulnerability of San Giovanni in Tumba (Italy) by surveying
with a 3D laser scanner to develop a shape model for
structural analysis under seismic loading. Quagliarini et al.
[17] reported that the risk assessment of historical buildings
in their current condition using the 3D laser scanner for data
collection provided a fast, low-cost, and safe methodology.
Moreover, Micelli and Cascardi [18] presented a drone-
based survey of a historic bell tower in Italy for the gen-
eration of geometry for structural assessment and seismic
analysis. (e results showed that drone-based surveys can
reduce the time-cost. However, for data collection in a
lightless area or small chamber, it may be essential to use TLS
technology.

Point cloud data from TLS can accurately provide the
geometrical shape of a structure for its current surface
condition. In the literature, there are related reports on the
point cloud analysis of historic structures. For example,
Bertacchini et al. [19] described the monitoring of three
historical towers in Italy. (e data obtained from TLS was
used to determine that the maximum displacements and tilt
angles of the three towers were in the range of 0.71–2.38
meters and 1.04–1.51 degrees, respectively. Jo and Lee [20]
presented the displacement analysis procedure to evaluate
the structural stability of a stone pagoda in Korea.(e results
showed that the stone pagoda had moved in the northeast
direction. Moreover, the authors suggested that continuous
monitoring of the pagoda’s deformation should be required
to preserve its original form. Fregonese et al. [21] presented
the use of TLS technology for surveying and monitoring an
ancient building. (e results demonstrated that such tech-
nology could accurately detect the displacement of the
ancient structural movements. Teza and Pesci [22] presented
the results of a survey of an old bell tower in Italy. (e point
cloud data analysis was able to evaluate the wall inclination
of the bell tower.

In (ailand, TLS technology is relatively new for engi-
neering applications, especially for the assessment and
structural health monitoring of building structures. Leela-
taviwat et al. [23] have pioneered the preservation of many
important historical sites in (ailand, and they recom-
mended that continuous assessment and long-term moni-
toring are the best ways to preserve cultural heritage. One of
the most well-known cultural heritage sites in (ailand is
Ayutthaya Historical Park, which has been declared a World
Heritage Site by UNESCO. In this historical park, there are

many important temples that need to be preserved. One of
these is the Wat Krachee. (is temple is dominated by two
intertwined trees growing and entrancing inside the pagoda
chamber. Over time, the Wat Krachee has been damaged by
deteriorating materials, and the tree growth may have af-
fected the pagoda’s structural stability. Accordingly, in 2018,
the Wat Krachee Conservation Project was started with the
cooperation of the Fine Arts Department of the Ministry of
Culture and UNESCO Bangkok of (ailand [24, 25].
However, the project faced the challenge of how to preserve
the pagoda with two intertwined trees growing inside it and
becoming part of the pagoda’s structure. For this reason,
long-term monitoring of the pagoda was required to protect
it against damage.

(e primary problem for the long-term monitoring of
historic buildings using terrestrial laser scanners is to ensure
that the point cloud data has been obtained correctly. (is is
not always the case due to errors in referencing the position
in fieldwork and data processing. Abellán et al. [26] reported
the monitoring of rockfalls based on the use of a terrestrial
laser scanner for detection and spatial prediction. (ey
noted in the results that the registration process was carried
out through the visual identification of homologous points.
In practice, it is challenging to choose the exact point of
reference in the data processing for each monitoring session.
To reduce the error in this process, a new method must be
developed. Quagliarini et al. [17] identified the alignment
error in each dataset as one of the main issues. Reducing this
error would help to improve the technique. From the
aforementioned studies on fieldwork monitoring using TLS,
it was found that errors might occur in the data processing
when using point-by-point referencing in manual
operations.

Consequently, to reduce the errors in the long-term
monitoring of (ai historic pagodas, the purpose of this
study is to present an alternative method based on TLS in
combination with permanent survey markers. (e perma-
nent survey markers are constructed to constrain the point
cloud data for each monitoring session. (is procedure is
essential for the long-term monitoring of (ai pagodas to
ensure that the registration corresponds to the real-world
coordinates, and these should not be moved so that they can
be used for future reference. (e five monitoring session
results for the (ai pagoda over a period of approximately
two years and six months are reported. (e significant el-
ements are investigated, including the dimensions of the
inverted bell-shaped pagoda, the chamber inside the pagoda,
the leaning angle, and the horizontal displacement. (e
effect of trimming the tree is evaluated. Moreover, a pre-
diction equation for the leaning angle of the Wat Krachee
pagoda is proposed for future preservation and construction
planning.

2. A Case Study of Wat Krachee in Ayutthaya

Wat Krachee is located in Ayutthaya Historical Park in Phra
Nakhon Si Ayutthaya Province, as shown in Figure 1.
Ayutthaya Historical Park is one of the most important
archaeological sites in(ailand and was declared a UNESCO
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World Heritage Site in 1991. Figure 2 shows the differential
environment ofWat Krachee at three points in time, namely,
AD 1987, AD 2005, and AD 2018. It can be observed that the
remaining shape of the pagoda is an inverted bell shape.
Moreover, this temple has a dominant pagoda with two
intertwined trees growing inside it and an entrance into the
pagoda chamber, as shown in Figure 3. According to ar-
chaeological assumptions, the Wat Krachee pagoda was
constructed in the middle period of Ayutthaya, in ap-
proximately AD 1550 (2093 BE), meaning that the Wat
Krachee pagoda is almost 470 years old [19, 20]. At present,
the material deterioration and the growth of the two
intertwined trees may be affecting the stability of the Wat
Krachee pagoda. In 2018, the Wat Krachee Conservation
Project was started through cooperation with the Fine Arts
Department of(ailand’s Ministry of Culture and UNESCO
Bangkok. (is conservation project has brought together a
multidisciplinary group of engineers, architects, materials
scientists, archaeologists, arborists, craftspeople, and pro-
fessionals from other related fields. (erefore, this study
provides supporting information for the Wat Krachee
Conservation Project.

3. Methods

A method for the long-term monitoring of rockfalls was
reported in the research by Abellán et al. [26]. (e regis-
tration process was carried out through the visual identi-
fication of homologous points before starting the Iterative
Closest Points (ICP) procedure. However, it was difficult to
choose the homologous point in each monitoring period,
which may cause an alignment error in each dataset.
Moreover, Quagliarini et al. [17] found that the alignment
error was the main problem for assessing the position of the
measuring point. (ey suggested that this process should be
improved to increase the accuracy of the data analysis.

To alleviate the error from the target-less registration
process, the present study proposes an alternative method
for the long-term monitoring of pagodas in (ailand based
on terrestrial laser scanning technology in combination with
permanent survey markers. A flowchart of the monitoring
procedure is presented in Figure 4. In the initial phase, the

planning and surveying were set up and the permanent
survey markers were constructed to define the coordinate
system for long-term monitoring. A terrestrial laser scanner
was then used, together with spherical targets, to generate
the initial coordinate system. (e purpose of using the
permanent survey markers was to reduce (or minimize) the
error from the registration process by constraining the
coordinate system of the monitoring period in three-di-
mensional space.

In the monitoring phase, the data acquisition of the
pagoda was first carried out using TLS together with the
initial coordinates and spherical targets. (en, the point
cloud data were processed using FARO Scene software [27].
In this process, point cloud data were transformed into the
control coordinates. Next, the preparation of the point cloud
data involved cleaning and removing noise to reduce the
amount of data.(en, the postprocessing results of the point
cloud data were exported as an RCP file. In the last step, the
data analysis procedure, the geometrical properties, the
dimensions, the inclination direction, and several essential
elements of the pagoda were investigated using Autodesk
Revit software [2]. (e monitoring phase was repeated for
each monitoring session until the data analysis was
complete.

3.1. PlanningandSurveying. Five sessions were completed as
part of the long-term monitoring of the Wat Krachee pa-
goda, as shown in Figure 5. (e operations were carried out
in February 2018, March 2018, July 2018, July 2019, and
August 2020.

(e surrounding area of the Wat Krachee is soft soil,
which has the potential to subside due to the surveying.
(erefore, it was necessary to create permanent survey
markers to ensure a registration corresponding to the real-
world coordinates, which should be kept in place for future
reference. In this study, four permanent survey markers
were constructed on-site for the sake of monitoring, as
shown in Figure 6. (ese survey markers were made of
reinforced concrete with a drill hole diameter of 0.1 meters
and a depth below the surface of approximately 15–20
meters. In addition, a steel pin was attached to the survey
markers to support the spherical targets.

In the procedure for the creation of coordinates for the
long-term monitoring of the pagoda, the essential equip-
ment for defining the reference coordinates are standard
spherical targets with a radius of 0.0695 meters. (ese
spherical targets were installed on the survey markers, as
shown in Figure 7. (en, TLS was used for collecting the
coordinates of the four spherical targets. After that, the Scene
software was used to automatically detect the spherical
targets, as shown in Figure 8.(e obtained coordinates (X, Y,
Z) were derived from the center points of the spherical
targets. (ese coordinates, listed in Table 1, will be used as
the reference coordinates for future monitoring.

3.2. Data Acquisition with Terrestrial Laser Scanning (TLS).
TLS technology is a high-performance technology that is
used to collect massive amounts of point cloud data for

Wat Krachee is located in 
Phra Nakhon Si Ayutthaya Province. 

N

Figure 1: Location of Wat Krachee, Phra Nakhon Si Ayutthaya
Province, (ailand.
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objects with a complex surface [14]. In this study, TLS
technology by FARO Focus3D X-330 [27] was applied for
the data collection in each monitoring session. (is TLS
model uses phase-shift technology to measure distance,
recording the vertical and horizontal angles simultaneously
with the associated distance measurement. (e fields of view
in the vertical and horizontal directions are 300 degrees and
360 degrees, respectively. (ese angles and distances are
transformed into Cartesian coordinates (X, Y, Z). Moreover,
terrestrial laser scanners have important sensors to help with
the registration process, consisting of an inclinometer (dual-
axis compensator), a compass, an altimeter, and GPS. (e
performance specifications of the terrestrial laser scanner are
shown in Table 2.

(e TLS technology was applied to attain the 3D point
cloud data of the Wat Krachee pagoda for each monitoring
session, as displayed in Figure 9. Pueschel [28] noted that
parameters such as scan resolution and scan speed had an
influence on obtaining point cloud data. (erefore, for each
monitoring session, these parameters were controlled using

a resolution of 28.2 million points and a speed scan of
122,000 points per second for the whole scan. Furthermore,
the color photograph mode was enabled to save eighty-five
images per station. With these parameters (scan resolution,
scan speed, and capturing the image), it took TLS ap-
proximately eight minutes for each scanner position to-
gether with the survey markers and the standard spherical
targets.

(e details of the data collection process during field-
work are as follows. First, the four standard sphere targets
were installed on the permanent reference steel pins that had
previously been constructed. TLS scanning was then carried
out to collect the four spherical target positions, including
the surrounding conditions of the pagoda. Next, the ter-
restrial laser scanner was moved to a new position, and
scanning was performed while considering the overlap of the
environment of the previous position to reduce alignment
error in the registration process. (en, the scanner was
relocated to the next position and the scanning process was
repeated until the plan was completed. (is process was

(a) (b) (c)

Figure 2: Images of Wat Krachee pagoda at three points in time. (a) AD 1987 [24]. (b) AD 2005 [25]. (c) AD 2018.

(a) (b)

Figure 3: (e two intertwined trees and the entrance to the chamber inside the pagoda.
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Planning and surveying
(Constructing the permanent survey markers)

Data acquisition, TLS, and spherical targets 
(�e point cloud data is collected in the monitoring 

session)

Data processing
(Registration process and transformed coordinates)

Data analysis 
(Assessment of geometrical properties of the pagoda)

Terrestrial laser scanner 
(Generating the coordinates of the spherical targets)

Data preparation
(Cleaning and removing noise)

�e initial phase aims to 
generate coordinates for 

long-term monitoring

�e monitoring phase 
is repeated for each 

monitoring session of 
the pagoda

Figure 4: Method for long-term monitoring of Thai historic pagoda.

5 Aug 2020

2018 2019 2020

12 Feb 2018 6 Mar 2018 27 Jul 201919 Jul 2018

1 4 52 3

Figure 5: A schedule for the long-term monitoring of the Wat Krachee pagoda.

(a) (b) (c) (d)

Figure 6: (e four survey markers for the long-term monitoring of the Wat Krachee pagoda.
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applied for collecting field data during five monitoring
sessions to assess the changes in the Wat Krachee pagoda
structure.

On February 12, 2018, a survey of the surrounding
conditions of theWat Krachee temple was performed. It was
found that this temple has some fantastic features, such as an
inverted bell-shaped pagoda, two intertwined trees growing
within it, and a chamber inside the pagoda. From a visual
inspection, the pagoda clearly tilts; this may be due to the
growth of the intertwined trees on the north side, as shown
in Figure 10(a). Furthermore, a small chamber was con-
structed in this pagoda. (e survey of this area required
multiple scans of the data, and eight scan positions were
collected during the first monitoring session. (e second
session was carried out onMarch 6, 2018.(e environmental
conditions of Wat Krachee had changed. Excavations had
been made for archaeological exploration in some areas
surrounding the pagoda.(e two intertwined trees had been
trimmed significantly in comparison to the first session, as
shown in Figure 10(b). (e data collection for the second
monitoring session required sixteen positions to cover the
archaeological excavation site. (e third monitoring session
took place on July 19, 2018, approximately five months after
the first period. (e critical problem for collecting data this
time was that the surrounding pagoda was obscured by
scaffolding, as shown in Figure 10(c). Moreover, the survey
showed that one of the essential components of the Wat
Krachee pagoda is a small chamber inside the pagoda. In this
session, fourteen scans, including ten scans outside and four
scans inside the pagoda, were carried out. One year and six

Standard 
spherical target

(0.0695 meters in 
radius) 

Survey markers Spherical target on the
survey markers

Figure 7: (e combination of standard spherical targets and survey markers.

Table 1: (e coordinates of the spherical targets on the survey
markers.

Survey markers X (east) Y (north) Z (up)
SM 01 30.0000 30.0000 5.0000
SM 02 25.1550 21.9685 5.0215
SM 03 24.7339 10.0152 4.9913
SM 04 25.5419 25.0275 5.4381

Table 2: Performance specifications of the terrestrial laser scanner
used in this study.
Effective range 0.6m to 330m
Field of view (vertical/
horizontal) 300°/360°

Measurement speed Up to 976,000 points per second
Laser class Laser class1
Wavelength 1550 nm
Beam diameter at the exit 2.25mm
Ranging error ±2mm at 25m

Resolution Up to 710.7 million points per
scan

0.15m

The position coordinates of 
the spherical targets

Figure 8: (e position coordinates of the spherical targets on the survey markers.
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months after the first survey, it was determined that tree
trimming had slowed down the growth of the two inter-
twined trees, as shown in Figure 10(d). (e scaffolding for
preservation work was still attached to the pagoda. In this
surveying session, thirteen stations of TLS were performed
to gather the point cloud data. At this point, changes in the
pagoda had been monitored for two years and six months
from the first survey. In the fifth monitoring session, the
(an Pra (aksin section of the pagoda had been recon-
structed based on archaeological assumptions, as shown in
Figure 10(e). (e other elements of the pagoda had not been
restored. (erefore, the surveying teams carried out ten scan
positions of the Wat Krachee pagoda surroundings.

3.3. Data Processing andData Preparation. (e FARO Scene
software was used for data processing throughout the
monitoring period. (e data processing phase starts with
importing the raw data into the local coordinate system from
the laser scanner. Target-less registration (also referred to as
cloud-to-cloud registration) was employed to combine the
overlapping point clouds from each data scan. According to
previous research by Wilson et al. [2], this registration

method can be applied for the data processing of historical
buildings. Upon completion of this process, the 3D point
cloudmodels are obtained.(e results showed that themean
point error in each dataset from the five monitoring sessions
was less than 8mm. According to the manufacturer’s [27]
recommendation, the best mean error in the registration
process should be less than 8mm, for which the status is
shown with a green light. An important process at this point
involves constraining the dataset with the control coordi-
nates before the data analysis, as seen in Table 1. To ensure
the coordinates for each dataset were obtained through
translation onto the survey control, the coordinates of the
four spherical targets in each dataset were investigated. (e
results show that the coordinates of the spherical targets for
each model were not significantly different compared with
the survey control coordinates.

In the data preparation process before the point cloud
analysis, it is necessary to clean the data obtained from the
area surrounding the pagoda, such as scaffolding and un-
wanted objects. However, removing this point cloud data
can only be done by filtering it out by hand, which takes a
long time. (e pagoda 3D models have been defined to
conform to the realistic sites, as shown in Figure 11(a). (e

(a) (b)

Figure 9: Fieldwork at the Wat Krachee temple using a terrestrial laser scanner.

(a) (b) (c) (d) (e)

Figure 10: (e surroundings of the Wat Krachee during the five monitoring sessions. (a) First survey. (b) Second survey. (c) (ird survey.
(d) Fourth survey. (e) Fifth survey.
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side views of the four directions of the pagoda are illustrated
in Figures 11(b)–11(e). (e 3D point cloud models from the
five monitoring sessions after passing the data processing
and data preparation stages are shown in Figure 12. Finally,
each model’s point cloud dataset was exported as an RCP file
and then transferred to Autodesk Revit software for the
point cloud analyzing process.

3.4. Point Cloud Analysis. (is section presents the proce-
dure for the point cloud analysis. According to Korumaz
et al. [14], the analysis of a tall building’s verticality can be
completed by cutting the point cloud and evaluating the
obtained sections. In addition, Bertacchini et al. [19] have
suggested that the trend of the vertical axis can be calculated
by determining the center of each section and combining
them.(erefore, this technique can be used to determine the

direction of the maximum inclination of the pagoda. (e
point cloud analysis of the Wat Krachee pagoda was in-
vestigated using tools in the Autodesk Revit software. (e
3D point cloud models in the RCP file were inserted into the
Autodesk Revit software. (e point cloud dataset posi-
tioning was then selected using the origin-to-origin function
so that the coordinate system was not changed. In this step,
the pagoda dimensions and the change in the leaning angle
for each monitoring session were assessed. Moreover, the
effect of trimming the trees was investigated. A comparative
analysis of the point cloud datasets was possible via
CloudCompare software [7, 17]. (e point cloud dataset for
each monitoring session was compared with the first dataset
before measuring the pagoda elements, as shown in
Figure 13.

Before the assessment, the point cloud dataset required
definitions for the inclination direction and the leaning angle

North

South

EastWest

(a) (b)

(c) (d)

(e)

Figure 11: Plan view and side views of the point clouds collected in the Wat Krachee. (a) Plan view of the Wat Krachee. (b) South view. (c)
North view. (d) West view. (e) East view.
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for ease of reference. (erefore, the beta (β) angle was
defined from the south axis and the alpha (α) angle was
determined from the east axis as the inclination direction of

the pagoda, as shown in Figure 14(a). (e pagoda leaning
angle is defined as the zeta (θ) angle at the inclination di-
rection plane, as shown in Figure 14(b).

(a) (b)

(c) (d)

(e)

Figure 12: 3D point cloud models of the Wat Krachee from the five monitoring sessions. (a) February 12, 2018. (b) March 6, 2018. (c) July
19, 2018. (d) July 27, 2019. (e) August 5, 2020.
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In the process of creating the geometry for the assess-
ment of the pagoda, a level line for each component of the
pagoda and a vertical axis were created, as shown in Fig-
ure 15. (e(an Keang section of the pagoda was defined as
a reference base for creating the vertical axis.(e vertical line
was generated based on the center of the(anKeang section.
Afterward, a geometrical shape for each element of the
pagoda was created using guidelines from the point cloud
data.(en, the center of each geometric element was applied
to find the pagoda inclination direction. (e pagoda leaning
angle could then be calculated by measuring the displace-
ment differences between the center of each element’s
geometrical shape and the exact vertical line. (is procedure
will continue to be applied to assess the leaning angle for the
long-term monitoring of the pagoda.

4. Results and Discussion

Each session for monitoring the Wat Krachee pagoda over
the period of two years and six months was assessed. (e

benefit of the point cloud dataset is that it could be used to
analyze the dimensions of the bell-shaped pagoda element,
the dimensions of the chamber inside the pagoda, the
thickness of the pagoda, and the effect of tree trimming.
Moreover, the pagoda’s changing leaning angle was inves-
tigated to develop a prediction equation for the pagoda’s
future leaning angle. Details are given in the following
sections.

4.1. Dimension Analysis. (e 3D point cloud models of the
Wat Krachee pagoda for the first monitoring session are
shown in Figure 16(a). According to a report by the Fine
Arts Department [29], the assumption model for this temple
pagoda is an inverted bell-shaped pagoda, which consists of
the (an Pra (aksin, (an Keang, (an Pat, Malai (ao,
bell shape, Banlang, Kan Chat, Falami Lotus, Plong Chanai,
and Pli Yod sections, as shown in Figure 16(b). A com-
parison between the bell-shaped pagoda elements based on
the assumption model and the 3D point cloudmodels can be
precisely matched for each pagoda element. It was observed

C2C absolute distances (Quadric)(k = 7)(<0.3)
0.30000
0.28125

0.26250

0.24375

0.22500

0.20625
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0.16875

0.15000
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0.11250

0.09375

0.07500

0.05625
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Figure 13: A comparative analysis between two datasets.
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Figure 14: Side elevation of the pagoda with the central axis and inclination direction. (a) Plan view. (b) 3D view.

10 Advances in Civil Engineering



Vertical axis
Pagoda axis 

Plong Chanai
+10.20m

Falami Lotus
+8.95m

Kan Chat +7.95m
Banlang +7.25m

Bell-shape
+5.50m

Malai �ao
+2.85m

�an Pat
+1.05m

�an Keang
+0.00m

�an Pra �aksin

Leaning angle

θ

Figure 15: Section of the pagoda with the central axis and inclination direction.
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Figure 16: (e comparison elements of the Wat Krachee pagoda. (a) 3D point cloud model. (b) Assumption model [29].
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that the Pli Yod and some of the Plong Chanai sections were
damaged compared to the assumption models. However, it
was not clear when the damage occurred. Furthermore, the
3D point cloud models reported dimensions for each ele-
ment based on the assumption model’s pagoda elements.

(e dimensions of each element of the realistic bell-
shaped pagoda can be measured in terms of height, base
dimension, and geometrical shape, as presented in Table 3.
(ese results reveal that the point cloud data are useful for
the preservation of the pagoda to its original form. (e
obtained dimensions of each element of the pagoda were
applied to the reconstruction phase. In 2020, the (an Pra
(aksin section of the pagoda was entirely reconstructed
using assumption models as a square base, as shown in
Figure 17, and the other elements are in the process of being
renovated.

One of the essential elements of the pagoda is the
complexity inside the chamber. After postprocessing, the 3D
point cloud data were utilized to investigate the complicated
shape of the chamber inside the pagoda. Figure 18 shows
cross-section A–A in the west direction and the measured
dimensions of the pagoda. (e results revealed that the
entrance of the chamber is adjacent to the trees, and the
height of the cavity is an average of 1.0m.(e total length of
the chamber from the access point to the last chamber has a
horizontal distance of 4.1m. (e smallest thickness of the
pagoda in the west direction is equal to 1.0m in the upper
part of the chamber. Figure 19 displays cross-section B–B in
the south direction of the pagoda, representing the detailed
measurement. (e findings showed that the dimensions of
the chamber in the first layer are 1.2×1.2m. (ere are three
layers of the chamber inside the pagoda. (e first layer has a
height of 1.75m, the second has a height of 1.55m, and the
third layer has a height of 2.4m to the top layer of the
chamber; thus, the total height of the chamber is 5.7m. (e
smallest wall thickness is 0.5m, located at 6.0m above
ground level.(e horizontal and vertical lengths of the cavity
opening were measured at 0.7m and 1.2m, respectively.(is
method collected the point cloud data inside and outside of
the pagoda. (erefore, the thickness of the pagoda could be
precisely assessed.

(e highlight of the Wat Krachee pagoda is the two
intertwined trees growing within it. (e changes in the trees
surrounding the pagoda at the time of each monitoring
session are represented in Figure 20. In 2018, surveying and
evaluation found that the height of the main tree trunk was
approximately 11.45m, and the total size of the tree was
15.5m with respect to the ground level. During a multi-
department meeting, it was agreed that the growth of the
trees might affect the structural stability of the pagoda in the
long term. (erefore, in 2019, arborists carried out tree
trimming to slow down the growth. (e height of the
trimmed area was 6.8m so that the main tree remained at the
height of 8.7m.

4.2. Monitoring Results. In this study, long-term moni-
toring of the Wat Krachee pagoda was carried out over a
period of two years and six months. (e first pagoda

monitoring session revealed that the pagoda had leaned
toward the southeast direction, in which the beta and alpha
angles were 20.85 and 69.15 degrees, respectively. (is
inclination direction was applied to assess the distance
from the vertical axis to the center of each element of the
pagoda, as shown in Figure 21. (e first monitoring session
calculated that the maximum leaning angle of the pagoda
was equal to 3.567 degrees. (e second monitoring session
of the pagoda found that the leaning angle had not changed
significantly because the monitoring took place shortly
after the first period, as represented in Figure 22. Four
months later, the inclination direction and the horizontal
displacement were determined, as displayed in Figure 23.
From this monitoring, it was found that the leaning angle of
the pagoda had increased by 0.019 degrees. (erefore, the
leaning angle of the pagoda during the third monitoring
session was equal to 3.586 degrees. Moreover, it was found
that the beta angle had increased in the east direction when
compared to the first monitoring. One year and six months
after the first session, the assessment inclination direction
and the leaning angle were determined, as shown in Fig-
ure 24. (e results revealed that the leaning angle of the
pagoda had become 3.618 degrees or an increase of 0.051
degrees from the first measurement. (e beta angle con-
tinuously increased to 21.85 degrees. (e results from the
fifth monitoring session of the pagoda, two years and six
months after the first one, are shown in Figure 25. (e
maximum distance of the vertical axis of 0.652m was
obtained on the Plong Chanai section of the pagoda, and
the leaning angle was 3.655 degrees.

Furthermore, the assessment of the leaning angle for
each monitoring session can generate the relationship be-
tween time and the leaning angle of the Wat Krachee pa-
goda, as shown in Figure 26. (e results show that the
leaning angle might have increased significantly if the rec-
ommendation to trim the trees had been ignored. Con-
sidering the actual monitoring, the results also indicate that
time influences the leaning angle of the pagoda. However, a
regression analysis was applied using the least-squares fit
method with a linear trend line, as presented in equation (1).
(e result revealed that the slope (dθ/dt) and the coefficient
of determination (R2) of this equation are 0.0001 and 0.99,
respectively.

Table 3: (e dimension of each element of the bell-shaped pagoda.

No.

Elements of
the

bell-shaped
pagoda

Height (m) Base
dimension (m)

Geometrical
shape

1 (an Pra
(aksin 1.5 10.2×10.0 Square

2 (an Keang 1.1 7.5 Circle
3 (an Pat 1.3 7.3 Circle
4 Malai (ao 2.4 5.8 Circle
5 Bell shape 2.8 3.5 Circle
6 Banlang 0.7 1.85× 2.0 Square
7 Kan Chat 0.7 1.35 Circle
8 Falami Lotus 0.3 2.1 Circle
9 Plong Chanai 3.5 1.8 Circle
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Figure 17: Addition of the (an Pra (aksin section of the Wat Krachee pagoda.
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Figure 18: Section A–A in the west direction.

BB

North

2.40m

1.55m

1.75m

0.50m 

1.2m

1.2m

1.2m
5.70m

Plan view

Layer 3

Layer 2

Layer 1 Cavity opening 
into the chamber

0.7m

Figure 19: Section B–B in the south direction and a cavity opening into the chamber.

Advances in Civil Engineering 13



1st 2nd 3rd 5th

2018 2019 2020

Tree trimming area

Ground-level

6.8m

8.7m

15.5m

11.45m

4th

Figure 20: (e changing of the trees surrounding the Wat Krachee.

0.636m

Distance to vertical axis (m)

Height of pagoda (m)

0.594m

0.226m

69.15°
20.85°

+10.20m
(Plong Chanai)

0.636m

(Plong Chanai)

�e first monitoring (1st)

Diagram of inclination direction

10.2m

East

South South-east direction

North

West
Pagoda axis

3.567°

Leaning angle

α
β

0.00 0.20 0.40 0.60 0.80

12.00

10.00

8.00

6.00

4.00

2.00

0.00

θ
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Figure 22: Second monitoring session (March 2018).
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Figure 25: Fifth monitoring session (August 2020).

Advances in Civil Engineering 15



θ(t) � 0.0001t + 3.567, (1)

dθ
dt

� 0.0001, (2)

where θ is the leaning angle of the pagoda in degrees and t is
the time in days. Equation (1) was used to forecast the leaning
angle of the pagoda with the initial leaning angle equal to
3.567 degrees, as measured in 2018. (is equation can also
predict the increase in the leaning angle for the structural
stability assessment of the pagoda and restoration planning in
the future. Moreover, the rate of increase in the leaning angle
of the pagoda can be predicted using equation (2).

5. Conclusions

(is article has presented an alternative method for the long-
term monitoring and preservation of (ai pagodas based on
TLS combined with permanent survey markers. (e Wat
Krachee pagoda in the Ayutthaya Province of (ailand was
selected as a case study because of the challenges presented
by its geometric configuration and the two intertwined trees
growing within it.(emassive amount of three-dimensional
data from TLS technology is valuable for structural stability
assessment in the long term. Moreover, the permanent
survey markers were constructed to constrain the point
cloud dataset. (is method significantly reduced the
alignment error in the data processing and increased the
accuracy of the data analysis process. (roughout the five
monitoring sessions over a period of two years and six
months, the results revealed that 3D point cloud models
provide high-precision dimensions and geometric shapes for
the current pagoda condition. (e pagoda leaning angle was
assessed to continue to protect it from damage.

Furthermore, a challenge of this project involved deciding
whether to trim the trees or not. During a meeting, most of
the individuals on the conservation project team agreed to
recommend trimming the trees adjacent to the Wat Krachee
pagoda. (e results revealed that the tree trimming signif-
icantly decreased the leaning angle of the pagoda. For long-
term monitoring, an equation was developed to predict the
pagoda leaning angle for preservation and restoration
planning. In addition, data from the terrestrial laser scanner
were used to create a realistic drawing of the plan before the
reconstruction phase. In 2020, this method was found to be
beneficial to the conservation work of the pagoda, and the
teams completely and successfully restored the pagoda’s
(an Pra (aksin elements. Finally, the original forms of
several (ai pagodas need to be preserved, and monitoring
using a terrestrial laser scanner would be an efficient al-
ternative method for this preservation work.
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Geopolymers are inorganic polymers produced by the alkali activation of alumina-silicate minerals. Geopolymer is an alternative
cementitious binder to traditional Ordinary Portland Cement (OPC) leading to economical and sustainable construction
technique by the utilisation of alumina-silicate waste materials. 'e strength development in fly ash-slag geopolymer mortar is
dependent on the chemical composition of the raw materials. An effective way to study the effect of chemical components in
geopolymer is through the evaluation of molar ratios. In this study, an Artificial Neural Network (ANN)model has been applied to
predict the effect of molar ratios on the 28-day compressive strength of fly ash-slag geopolymer mortar. For this purpose,
geopolymer mortar samples were prepared with different fly ash-slag composition, activator concentration, and alkaline solution
ratios. 'e molar ratios of the geopolymer mortar samples were evaluated and given as input to ANN, and the compressive
strength was obtained as the output. 'e accuracy of the assessed model was investigated by statistical parameters; the mean,
median, and mode values of the ratio between actual and predicted strength are equal to 0.991, 0.973, and 0.991, respectively, with
a 14% coefficient of variation and a correlation coefficient of 89%. Based on the mentioned findings, the proposed novel model
seems reliable enough and could be used for the prediction of compressive strength of fly ash-slag geopolymer. In addition, the
influence of molar compositions on the compressive strength was further investigated through parametric studies utilizing the
proposed model. 'e percentages of Na2O and SiO2 of the source materials were observed as the dominant chemical compounds
in the mix affecting the compressive strength.'e influence of CaO was significant when combined with a high amount of SiO2 in
alkaline solution.

1. Introduction

Production of Ordinary Portland Cement (OPC) is an en-
ergy-intensive process that consumes enormous amount of
energy and results in emission of substantial amount of
carbon dioxide into the atmosphere leading to global
warming and atmospheric pollution [1–3]. Burning of fossil
fuels and the calcination of limestone are both responsible
for carbon dioxide emission during OPC manufacturing. A
cumulative amount of 4.5 GtC has been sequestered in
carbonating cement materials from 1930 to 2013, offsetting

43% of the CO2 emissions from production of cement over
the same period, not including emissions associated with
fossil use during cement production [4]. For the past few
decades, researchers are investigating alternative materials
for OPC due to environmental concern, and geopolymer is
identified as an excellent solution in this regard. Geopolymer
is an inorganic polymer produced by the polymerization of
alumina-silicate minerals activated with high-concentration
alkali solutions [5]. 'e most widely available alumina-sil-
icate minerals are Fly Ash (FA), metakaolin, Ground
Granulated Blast Furnace Slag (GGBFS), rice husk ash, palm
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oil fuel ash, etc. [6]. FA is an industrial waste resulting from
the burning of coal in thermal power plant with a chemical
composition based essentially on SiO2 and Al2O3, and
GGBFS is produced from slag resulting from steel
manufacturing with a chemical composition based essen-
tially on CaO, SiO2, and Al2O3. Both FA and GGBFS are
pozzolanic materials which are generally blended with OPC
to produce Portland pozzolanic cement and are also used as
workability-improving admixtures [7]. However, a tre-
mendous amount of these waste materials is still landfilled. A
promising solution seems to be the complete substitution of
Portland cement with fly ash-based geopolymers, as an eco-
friendly and sustainable construction material.

FA-based geopolymers are gaining interest due to their
availability as alumina-silicate mineral. In addition, the
partial replacement of fly ash by various additives such as
GGBFS, lime, and silica resulted in improved mechanical
properties; for instance, the combination of FA and GGBFS
yielded better compressive strength [8]. Due to improved
mechanical properties, fly ash-slag-based geopolymers were
found superior to fly ash geopolymers [6, 8–11]. 'e oxides
of calcium are highly reactive and result in increased
compressive strength for fly ash-slag geopolymers. In fact,
the calcium dissolving from GGBFS is responsible for early-
and late-age properties. 'e presence of GGBFS increases
the long-term resistance as it continues the reaction for a
longer duration and at the same time accelerates the
achievement of short-term resistance. 'e addition of slag
into FA geopolymer is also advantageous for overcoming
drawbacks related to reduced workability and setting time
[6, 12–14]. Elevated temperature curing in fly ash-based
geopolymers causes evaporation of water from the pores
resulting in increased pore structure; thus, lower curing
temperature and longer curing duration become significant
targets [15]. Partial replacement of fly ash by GGBFS enables
geopolymerization at ambient curing conditions, which
makes it superior for practical applications [16, 17]; in fact,
greater compressive strength can be obtained for fly ash-slag
geopolymer cured at ambient conditions compared with
heat-cured fly ash geopolymer [12].

'e chemical composition of the source materials, alkali
concentration, and percentage replacement of FA by GGBFS
are major factors which influences the strength of FA-slag
geopolymer. 'e chemical components SiO2, Al2O3, Na2O,
and CaO of the sourcematerials have significant effect on the
properties of geopolymer [18]. Chemical optimisation of Si :
Al and Na : Al molar ratios is also found to have an effect on
compressive strength [19]. 'e Al ions appear to have a
dominant effect on setting time of geopolymer and in-
creasing the molar ratio of SiO2/Al2O3 is largely responsible
for high-strength gain at later stages [20]. 'e composition
of C-A-S-H gel produced by the alkaline activation of slag
and Na-A-S-H gel produced by FA largely affects the system
mechanical strength and durability [21]. 'e characteristics
of the gel depend on the molar ratios CaO/SiO2 in slag and
SiO2/Al2O3 in FA geopolymers. Multicompound activators
using sodium hydroxide and sodium silicate solutions are
found better than sodium hydroxide or sodium silicate
alone. Sodium silicate-to-sodium hydroxide ratios varying

from 1 to 2.5 are suggested for obtaining higher compressive
strength [22–25]. 'e concentration of sodium hydroxide
also plays a crucial role in geopolymerization and should be
sufficient for the leaching of oxides of alumina-silicates from
the source materials [26–28]. Also, the compressive strength
increases with the increase in the concentration of sodium
hydroxide. Studies show that the optimum compressive
strength was obtained at various percentage replacements of
FA by GGBFS from 15 to 40% [8, 9, 12]; the variation in
strength development and optimum slag content may be due
to the FA composition and activator concentrations [29].
'e complexity of the effect of variables on the compressive
strength can be evaluated through mathematical modelling;
in particular, those considering molar ratios as key pa-
rameters have been found effective in predicting the com-
pressive strength of alkali activated phosphorous slag [30].
Literatures on the influence of chemical composition on
compressive strength of FA-slag geopolymer using ANN are
lacking.

In this research, an experimental investigation was
conducted to evaluate the influence of alkali concentration,
ratio of various alkalis used for geopolymerization, and
percentage of replacement of FA by slag on the compressive
strength of FA-slag geopolymer mortar. A replacement
percentage of FA by slag equal to 10%, 20%, 30%, and 40% is
considered in this paper. 'e NaOH concentrations are
varied from 8M to 14M with 2M increment based on
previous studies [31–35]. 'e various ratios of NaOH/
Na2SiO3 were 1, 1.5, 2, and 2.5. 'e ratios were selected
based on previous studies where the optimum value lies
between 1 and 2.5 [31]. 'e 28-day compressive strength for
56 combinations of these parameters was experimentally
obtained. 'e molar compositions of various components
are calculated from the chemical composition of each raw
material. 'e experimental results in terms of compressive
strength are, thus, reported and discussed. Based on ex-
perimental outcomes, an ANN model is proposed, able to
predict the compressive strength on the basis of chemical
parameters, SiO2, Al2O3, Na2O, and CaO. 'e reliability of
the proposed model is investigated, confirming its effec-
tiveness at least in relation to the range of findings and
variables referred to the present experimental campaign.

2. Experimental Program

2.1. Materials. Fly ash used in this study was generated in
Tuticorin coal-fired thermal power plant, India. 'e fly ash
belonged to class F with a low calcareous content and high
siliceous content according to IS 3812-1 [36]. 'e material
had a mean particle size of 24 µm, specific gravity of 2.97 kg/
mc, and fineness of 365m2/kg by Blaine’s air permeability
test. 'e GGBFS was supplied by JSW Cement Ltd., India.
'e material had a mean particle size of 20 µm, specific
gravity of 2.91 kg/mc, and fineness of 382m2/kg by Blaine’s
air permeability test. 'e chemical composition of FA and
GGBFS obtained by XRF analysis and expressed as the
weight percentage (wt%) is given in Table 1. 'e raw
constituents are shown in Figure 1.
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'e fine aggregate used was quarry dust [37] obtained as
a byproduct from an aggregate crusher and supplied from an
M-sand manufacturing unit Poabs Ltd., Trivandrum. 'e
material has a particle size less than 600 µm. 'e alkaline
solution used was a combination of sodium hydroxide
(NaOH) and sodium silicate (Na2SiO3). For the preparation
of NaOH solution, industrial-grade NaOH in flake form and
white colour with 98% purity was used. Commercially
available liquid sodium silicate light greyish in colour and
having 49.7% solid content was used, whose composition is
given in Table 2.

2.2. Mix Proportion and Specimen Preparation.
Geopolymer mortar was prepared with a fine
aggregate-to-binder ratio 1 : 2 by weight. An alkaline fluid-
to-binder ratio of 0.5 was fixed in the study [37]. Four
different concentrations of NaOH, viz., 8M, 10M, 12M, and
14M, and sodium silicate to NaOH ratios, namely, 1, 1.5, 2,
and 2.5, were used for the preparation of geopolymer
mortar. Fly ash replacement by slag was also considered in
various proportions: 10%, 20%, 30%, and 40%. Ambient
curing conditions were adopted for all the specimens (i.e.,
25–28°C and ∼70% RH). 'e superplasticizer used was
Conplast SP430-grade from Fosroc Ltd. Table 3 shows the
mix proportioning details utilized in the investigation. FA
stands for fly ash, NH for sodium hydroxide, NS for sodium
silicate, and SP for superplasticizer. 'e first two numbers in
the mix ID stand for percentage replacement of fly ash by
slag, S for slag, the next number for the molarity of sodium
hydroxide (e.g., 8M for 8 molar concentration), and the last
number for the sodium hydroxide-to-sodium silicate ratio.
A total number of 56 mixes were designed as shown in
Table 3. For mixes with 14M concentrations, alkaline so-
lution ratios of 1 and 1.5 were excluded in Table 3 since they
had exhibited high viscosity nature like a gel.

2.3. Mixing, Casting, and Curing. 'e NaOH flakes were
diluted in potable water at ambient temperature and then
mixed to sodium silicate solution. 'e alkaline solution was
prepared 24 hours prior to mixing to reduce excessive heat
generation. 'e dry binder (fly ash, slag, and fine aggregate)

was mixed for 2 minutes to attain homogeneity. Mixing was
done using a handheld putty mixer at 600 rpm. 'e cal-
culated quantity of premixed alkaline solution was added
gradually to the dry binder and mixed thoroughly. Later, the
premixed superplasticizer and water were added, andmixing
is continued for further 5 minutes. Cylindrical specimens [2]
of 70mm diameter and 140mm height were cast in PVC
moulds. 'e mould was filled in three layers with each layer
compacted by a vibrator. A total of 56 mixes were designed
in the study and 6 specimens were cast for each mix. After
casting, the specimens were kept in moulds for 48 hours and
after demoulding were left at room temperature to achieve
28 days of ambient curing. Before testing, the end faces of the
cylinders were smoothened using an angle grinder to avoid
any surface irregularities and, thus, possible stress con-
centrations under loading. Figure 2 shows the mixing,
casting, cast, and demoulded geopolymer mortar specimens.

2.4. Testing. Compressive strength of geopolymer mortar
was evaluated by compression test on cylindrical specimens
made by a UTM of capacity 3000 kN, according to ASTM
C873M standard [38]. 'e UTM was also equipped with a
load cell of 50 T capacity for a more accurate and finer
reading (see Figure 3). 'e load cell used had a least count of
0.1 T.'e failure type observed in the specimens is similar to
that generally expected for cement-based mortar, namely,
cracking along the length of the specimen (see Figure 3).

3. Results and Discussion

Figures 4(a)–4(d) indicate the 28-day cylindrical compres-
sive strength of ambient cured fly ash-slag geopolymer
mortar for 8M, 10M, 12M, and 14M NaOH concentra-
tions, respectively.

As the percentage replacement of FA by GGBFS in-
creases, the compressive strength is found to be increasing
for all the mixes. 'e percentage gain in compressive
strength for most cases was more pronounced passing from
20% to 30% replacement of FA by GGBFS; this result is
evident for 10M NH concentration and 12M NH con-
centration, while for 14M NH only at NS to NH ratio of 2,
the same trend is confirmed. In the case of 8M NH con-
centration, the greatest increase of compressive strength
occurs when passing from 30% to 40% of GGBFS replace-
ment. 'e maximum compressive strength was obtained for
mix with 40% FA replaced by GGBFS, 10M NH concen-
tration, and NS/NH ratio of 2. 'e increased compressive
strength with moderate addition of GGBFS is due to the
simultaneous formation of two separate phases: NASH gel
formed through the activation of fly ash and CASH gel
formed through the activation of slag. 'e addition of slag
reduced porosity; the matrix was compact with better space-
filling properties of CASH gel compared with the NASH gel.
'e significant increase in strength is also due to strong load-
bearing CASH gel formed [39]. Depending upon the alka-
linity, the dissolved calcium from GGBFS increases; the
formation of NASH gel and CASH gel competes for soluble
silicates and available space for growth. Consequently,

Table 1: Chemical composition of fly ash and GGBFS.

Chemical composition
Component (wt%)

FA GGBFS
SiO2 61.53 33.81
Al2O3 25.19 19.52
Fe2O3 5.39 0.49
CaO 1.31 35.22
MgO 0.63 6.68
SO3 0.82 1.40
Na2O 0.39 0.34
TiO2 0.65 0.94
MnO 0.30 0.96
K2O 0.23 0.44
LOI∗ 0.95 0.11
∗Loss on ignition.
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instead of having one phase acting as microaggregates, the
resultant binder will be disordered with similar-size phases
resulting in strength reduction [40].

For 8M of NH concentration, the strength was relatively
lower due to lower Na2O content. At lower concentrations of
NH, the dissolution of Al and Si ions is lesser, which results
in weak polymer chains and thus lower strength. At 10M
concentration of NH, the leaching of Al and Si ions is
maximum, which enables polycondensation process. Be-
yond 10M, leaching of alumina-silicates remains almost
constant or hinders polycondensation process [41, 42]. As
the NS/NH ratio is increased, the compressive strength
increases almost linearly due to the reactive silicate content
in the NS. But as the concentration of NH is equal to or more
than 10M, the compressive strength increases up to an NS/
NH ratio of 2 and then decreases. When NS/NH ratio is
increased, the excess silicate content hinders water evapo-
ration and causes geopolymer chain to break down into
individual monomer, thus reducing the strength [43, 44].
'e factors affecting the compressive strength of fly ash-slag
geopolymer are basically related to the molar compositions;
in particular, the alumina-silicate minerals in the source
materials (Al2O3 and SiO2), the CaO content in slag, Na2O
content in the alkaline solution, and (SiO2)L content in the
NS. As the influence of these variables is complex in nature,
it cannot be experimentally evaluated; mathematical mod-
elling of the molar composition is a possible way to un-
derstand its influence.'e proposed model is based on ANN
to predict the compressive strength of fly ash-slag

geopolymer and to evaluate the influence of the molar
composition on its values.

4. Artificial Neural Networks (ANNs) Method

Artificial Neural Networks (ANNs) are a biologically in-
spired computational method able to extract knowledge
from a relatively large database. In particular, the devel-
opment of ANNs was inspired by the running of the human
nervous central system. ANNs cannot approach the com-
plexity of the brain, but there are two key correspondences
between biological neural networks and ANNs themselves.
First, both networks are computational devices with a huge
level of interconnection. Second, the connections between
neurons determine the function of the network; a human
brain approximately has 1010 neurons, which communicate
through a network. ANNs function as parallel distributed
computing networks of n-node, analogous to biological
neural systems. Each input is associated with a relative
weight (w1, w2, . . . , wn) and a bias (b1, b2, ..., bn) which affect
the impact of the inputs. Weights and bias are adaptive
coefficients within the network that determine the intensity
of the input signal as reported in equation (1). 'e output

Figure 1: Raw constituents of the geopolymer mortar. (a) FA. (b) GGBFS. (c) Quarry dust. (d) NaOH flakes. (e) Sodium silicate solution.
(f ) Superplasticizer.

Table 2: Composition of sodium silicate.

Material Chemical composition (wt%)

Na2SiO3
Na2O SiO2 Water
14.7 35 50.3
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signal of a neuron is produced by the sum function, cor-
responding roughly to the biological cell body, which al-
gebraically adds all the weighted inputs. In principle, ANNs

are able to adjust their inner structures in order to provide
optimal solutions or prediction, given enough data and a
proper initialization.

Table 3: Mix proportion details of geopolymer mortar (kg/m3).

Mix ID FA GGBFS Sand NH NS Water SP
10S8M1 567 63 1260 157.5 157.5 189 3.15
20S8M1 504 126 1260 157.5 157.5 189 3.15
30S8M1 441 189 1260 157.5 157.5 189 3.15
40S8M1 378 252 1260 157.5 157.5 189 3.15
10S8M1.5 567 63 1260 126 189 189 3.15
20S8M1.5 504 126 1260 126 189 189 3.15
30S8M1.5 441 189 1260 126 189 189 3.15
40S8M1.5 378 252 1260 126 189 189 3.15
10S8M2 567 63 1260 105 210 189 3.15
20S8M2 504 126 1260 105 210 189 3.15
30S8M2 441 189 1260 105 210 189 3.15
40S8M2 378 252 1260 105 210 189 3.15
10S8M2.5 567 63 1260 90 225 189 3.15
20S8M2.5 504 126 1260 90 225 189 3.15
30S8M2.5 441 189 1260 90 225 189 3.15
40S8M2.5 378 252 1260 90 225 189 3.15
10S10M1 567 63 1260 157.5 157.5 189 3.15
20S10M1 504 126 1260 157.5 157.5 189 3.15
30S10M1 441 189 1260 157.5 157.5 189 3.15
40S10M1 378 252 1260 157.5 157.5 189 3.15
10S10M1.5 567 63 1260 126 189 189 3.15
20S10M1.5 504 126 1260 126 189 189 3.15
30S10M1.5 441 189 1260 126 189 189 3.15
40S10M1.5 378 252 1260 126 189 189 3.15
10S10M2 567 63 1260 105 210 189 3.15
20S10M2 504 126 1260 105 210 189 3.15
30S10M2 441 189 1260 105 210 189 3.15
40S10M2 378 252 1260 105 210 189 3.15
10S10M2.5 567 63 1260 90 225 189 3.15
20S10M2.5 504 126 1260 90 225 189 3.15
30S10M2.5 441 189 1260 90 225 189 3.15
40S10M2.5 378 252 1260 90 225 189 3.15
10S12M1 567 63 1260 157.5 157.5 189 3.15
20S12M1 504 126 1260 157.5 157.5 189 3.15
30S12M1 441 189 1260 157.5 157.5 189 3.15
40S12M1 378 252 1260 157.5 157.5 189 3.15
10S12M1.5 567 63 1260 126 189 189 3.15
20S12M1.5 504 126 1260 126 189 189 3.15
30S12M1.5 441 189 1260 126 189 189 3.15
40S12M1.5 378 252 1260 126 189 189 3.15
10S12M2 567 63 1260 105 210 189 3.15
20S12M2 504 126 1260 105 210 189 3.15
30S12M2 441 189 1260 105 210 189 3.15
40S12M2 378 252 1260 105 210 189 3.15
10S12M2.5 567 63 1260 90 225 189 3.15
20S12M2.5 504 126 1260 90 225 189 3.15
30S12M2.5 441 189 1260 90 225 189 3.15
40S12M2.5 378 252 1260 90 225 189 3.15
10S14M2 567 63 1260 105 210 189 3.15
20S14M2 504 126 1260 105 210 189 3.15
30S14M2 441 189 1260 105 210 189 3.15
40S14M2 378 252 1260 105 210 189 3.15
10S14M2.5 567 63 1260 90 225 189 3.15
20S14M2.5 504 126 1260 90 225 189 3.15
30S14M2.5 441 189 1260 90 225 189 3.15
40S14M2.5 378 252 1260 90 225 189 3.15
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Among the various types of ANNs, in this paper, a
multilayer perceptron (MLP) with back-propagation learn-
ing algorithms is focused on. MLP is the ANN commonly
used for a wide variety of problems [45–54]. It is based on a
supervised procedure and generally comprises at least three

layers: input (i), hidden (h), and output (o). 'e procedure
continually adjusts the weights of the connections in the
network through a back-propagation method in order to
minimize the scatter between the actual output vector of the
network and the desired output vector (target of the

Figure 2: Mixing, casting, cast specimens, and demoulded geopolymer mortar specimens.

(a) (b)

Figure 3: Compression test on geopolymer mortar cylinder: test setup (a) and typical failure mode (b).
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analysis). 'e information passes from the input layer to
output layer through the hidden layer. All neurons from one
layer are connected to the neurons in the next layers. 'ese
connections are represented as weights (connection inten-
sity) in the computational process. 'e number of neurons
in the input layer depends on the number of independent
variables in the model, while the number of neurons in the
output layer is equal to the number of dependent variables.
Moreover, both the numbers of hidden layers and their
neurons are dependent on the complexity of the model (set
by the user) and are important parameters in the devel-
opment of the MLP model. An MLP is trained/learned to
minimize errors between the desired target values and the
values computed from the model. If the network provides
errors greater than a given threshold, the weights are
updated for minimizing them.'us, errors are reduced up to
a small enough value. Finally, an activation function

(generally sigmoidal-like) passes the sum results in a [0,
1] range; in such way, the best-fitting neural path is
identified.

y � bn + 
n

i�1
xn · wn, (1)

where b is the bias; x is the input; n is the number of datasets;
y is the output; and w is the weight.

'e ANN has also widely been used to model the be-
havior of concrete mixtures and elements, e.g., in [50–55].

5. The Proposed ANN-Model

Based on the abovementioned experimental evidence, a
database was set for the ANN purpose as reported in Table 4.
Since the molar composition was made up of five different
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Figure 4: 28-day cylindrical compressive strength of fly ash-slag geopolymer mortar.
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Table 4: ANN database.

# Label
Molar composition (kg/m3) Inputs Output

Na2O (SiO2)L SiO2 Al2O3 CaO i1 i2 i3 i4 i5 o� fc
1 10S8M1 62.21 55.13 370.18 155.12 29.62 0.09 0.08 0.55 0.23 0.04 5.63
2 20S8M1 62.21 55.13 352.71 151.55 50.98 0.09 0.08 0.52 0.23 0.08 7.71
3 30S8M1 62.21 55.13 335.25 147.98 72.34 0.09 0.08 0.50 0.22 0.11 6.50
4 40S8M1 62.21 55.13 317.78 144.41 93.71 0.09 0.08 0.47 0.21 0.14 6.11
5 10S8M1.5 59.03 66.15 370.18 155.12 29.62 0.09 0.10 0.54 0.23 0.04 6.33
6 20S8M1.5 59.03 66.15 352.71 151.55 50.98 0.09 0.10 0.52 0.22 0.07 10.10
7 30S8M1.5 59.03 66.15 335.25 147.98 72.34 0.09 0.10 0.49 0.22 0.11 11.70
8 40S8M1.5 59.03 66.15 317.78 144.41 93.71 0.09 0.10 0.47 0.21 0.14 22.14
9 10S8M2 56.91 73.50 370.18 155.12 29.62 0.08 0.11 0.54 0.23 0.04 10.75
10 20S8M2 56.91 73.50 352.71 151.55 50.98 0.08 0.11 0.51 0.22 0.07 11.61
11 30S8M2 56.91 73.50 335.25 147.98 72.34 0.08 0.11 0.49 0.22 0.11 13.87
12 40S8M2 56.91 73.50 317.78 144.41 93.71 0.08 0.11 0.46 0.21 0.14 19.41
13 10S8M2.5 55.40 78.75 370.18 155.12 29.62 0.08 0.11 0.54 0.23 0.04 14.52
14 20S8M2.5 55.40 78.75 352.71 151.55 50.98 0.08 0.11 0.51 0.22 0.07 15.47
15 30S8M2.5 55.40 78.75 335.25 147.98 72.34 0.08 0.11 0.49 0.21 0.10 20.41
16 40S8M2.5 55.40 78.75 317.78 144.41 93.71 0.08 0.11 0.46 0.21 0.14 27.99
17 10S10M1 71.98 55.13 370.18 155.12 29.62 0.11 0.08 0.54 0.23 0.04 10.36
18 20S10M1 71.98 55.13 352.71 151.55 50.98 0.11 0.08 0.52 0.22 0.07 14.65
19 30S10M1 71.98 55.13 335.25 147.98 72.34 0.11 0.08 0.49 0.22 0.11 21.27
20 40S10M1 71.98 55.13 317.78 144.41 93.71 0.11 0.08 0.47 0.21 0.14 29.42
21 10S10M1.5 66.84 66.15 370.18 155.12 29.62 0.10 0.10 0.54 0.23 0.04 15.17
22 20S10M1.5 66.84 66.15 352.71 151.55 50.98 0.10 0.10 0.51 0.22 0.07 17.51
23 30S10M1.5 66.84 66.15 335.25 147.98 72.34 0.10 0.10 0.49 0.21 0.11 25.30
24 40S10M1.5 66.84 66.15 317.78 144.41 93.71 0.10 0.10 0.46 0.21 0.14 30.33
25 10S10M2 63.42 73.50 370.18 155.12 29.62 0.09 0.11 0.54 0.22 0.04 15.21
26 20S10M2 63.42 73.50 352.71 151.55 50.98 0.09 0.11 0.51 0.22 0.07 20.15
27 30S10M2 63.42 73.50 335.25 147.98 72.34 0.09 0.11 0.48 0.21 0.10 40.04
28 40S10M2 63.42 73.50 317.78 144.41 93.71 0.09 0.11 0.46 0.21 0.14 46.97
29 10S10M2.5 60.98 78.75 370.18 155.12 29.62 0.09 0.11 0.53 0.22 0.04 14.34
30 20S10M2.5 60.98 78.75 352.71 151.55 50.98 0.09 0.11 0.51 0.22 0.07 17.42
31 30S10M2.5 60.98 78.75 335.25 147.98 72.34 0.09 0.11 0.48 0.21 0.10 33.80
32 40S10M2.5 60.98 78.75 317.78 144.41 93.71 0.09 0.11 0.46 0.21 0.13 39.73
33 10S12M1 81.74 55.13 370.18 155.12 29.62 0.12 0.08 0.54 0.22 0.04 10.79
34 20S12M1 81.74 55.13 352.71 151.55 50.98 0.12 0.08 0.51 0.22 0.07 14.78
35 30S12M1 81.74 55.13 335.25 147.98 72.34 0.12 0.08 0.48 0.21 0.10 24.83
36 40S12M1 81.74 55.13 317.78 144.41 93.71 0.12 0.08 0.46 0.21 0.14 27.12
37 10S12M1.5 74.66 66.15 370.18 155.12 29.62 0.11 0.10 0.53 0.22 0.04 12.26
38 20S12M1.5 74.66 66.15 352.71 151.55 50.98 0.11 0.10 0.51 0.22 0.07 23.14
39 30S12M1.5 74.66 66.15 335.25 147.98 72.34 0.11 0.09 0.48 0.21 0.10 32.28
40 40S12M1.5 74.66 66.15 317.78 144.41 93.71 0.11 0.09 0.46 0.21 0.13 29.85
41 10S12M2 69.93 73.50 370.18 155.12 29.62 0.10 0.11 0.53 0.22 0.04 11.83
42 20S12M2 69.93 73.50 352.71 151.55 50.98 0.10 0.11 0.50 0.22 0.07 19.63
43 30S12M2 69.93 73.50 335.25 147.98 72.34 0.10 0.11 0.48 0.21 0.10 36.96
44 40S12M2 69.93 73.50 317.78 144.41 93.71 0.10 0.11 0.45 0.21 0.13 42.55
45 10S12M2.5 66.56 78.75 370.18 155.12 29.62 0.10 0.11 0.53 0.22 0.04 12.00
46 20S12M2.5 66.56 78.75 352.71 151.55 50.98 0.10 0.11 0.50 0.22 0.07 21.88
47 30S12M2.5 66.56 78.75 335.25 147.98 72.34 0.09 0.11 0.48 0.21 0.10 33.58
48 40S12M2.5 66.56 78.75 317.78 144.41 93.71 0.09 0.11 0.45 0.21 0.13 36.57
49 10S14M2 76.44 73.50 370.18 155.12 29.62 0.11 0.10 0.53 0.22 0.04 16.25
50 20S14M2 76.44 73.50 352.71 151.55 50.98 0.11 0.10 0.50 0.21 0.07 19.93
51 30S14M2 76.44 73.50 335.25 147.98 72.34 0.11 0.10 0.48 0.21 0.10 34.53
52 40S14M2 76.44 73.50 317.78 144.41 93.71 0.11 0.10 0.45 0.20 0.13 37.83
53 10S14M2.5 72.14 78.75 370.18 155.12 29.62 0.10 0.11 0.52 0.22 0.04 21.19
54 20S14M2.5 72.14 78.75 352.71 151.55 50.98 0.10 0.11 0.50 0.21 0.07 24.13
55 30S14M2.5 72.14 78.75 335.25 147.98 72.34 0.10 0.11 0.47 0.21 0.10 25.17
56 40S14M2.5 72.14 78.75 317.78 144.41 93.71 0.10 0.11 0.45 0.20 0.13 28.03
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substances (i.e., Na2O, (SiO2)L, SiO2, Al2O3, and CaO), a
total of five input nodes were considered referring to the
molar fraction computed according to equation (2). 'us,
the sum of the input value always provides 1. A ternary
diagram which displays the proportion of three-by-three
selected variables (from Table 4) using centroid coordinates
is shown in Figure 5. 'e coordinate axes of such a diagram
reported in the x-, y-, and z-axes were scaled so that 0≤ x; y;
z≤ 1. In order to achieve all the possible combinations, five
graphs were plotted (see Figures 5(a)–5(e)), and the constant
value was assumed to be the compressive strength (see
Output in Table 1) defined in five ranges as follows:

(i) 1 means 0 ≤ compressive strength (fc)≤ 10MPa
(ii) 2 means 10 < compressive strength (fc)≤ 20MPa
(iii) 3 means 20 < compressive strength (fc)≤ 30MPa
(iv) 4 means 30 < compressive strength (fc)≤ 40MPa
(v) 5 means 40 < compressive strength (fc)≤ 50MPa

in �
ym

yt

, (2)

It was found that in case of combinations illustrated in
Figures 5(d) and 5(e), nonsensitivity with respect to the
compressive strength was detected. Contrarily, the per-
centage of Na2O, SiO2, and Al2O3 was dominant in the
combinations illustrated in Figures 5(a)–5(c), respectively.
Definitely, the relationship between the molar composition
and the compressive strength of the geopolymer (fc) is not
robust because very small modification of the molar fraction
implies a large variation of the relative compressive strength.
For this reason, a predictive model assumes a crucial role
because the manufacturing of FA-based matrices may
produce large differences in their compressive strength
depending on the type and the amount of the raw burned
material.where in is the generic input; n� 1, . . ., 5; ym is the
molar quantity of the j-substance; and yt is the total molar
quantity.

'e R-code was used for the ANN-model definition [55].
Many models were set by varying the architecture and the
minimum average scatter with respect to the experimental
finding was met by the proposal illustrated in Figure 6 (with
the relative legend). In particular, it was set as follows:

(i) One input layer with 5 nodes
(ii) One hidden layer with 10 nodes
(iii) One output layer with 1 node where fc is attended

hk � bk + 

i�5
k�10

n�1
k�1

xn · wkn, (3)

So, summing up, the ANN proposed model is reported
in equations (2)–(5). 'e weight and bias are summarized in

Tables 5 and 6 for the different ANN layers. 'e optimized
architecture was found by trial and error method for
minimizing the experimental versus theoretical scatter. No
input normalization was computed since the molar fraction
is dimensionless. In order to activate the h-neurons, a sig-
moidal-shaped activation function (namely, activation) was
selected as reported in equation (4). While an identity
function was imposed for the activation of the output node
(see Figure 6), sum functions were also needed in the hidden
and output layers in order to process the additives (weight
and bias), i.e., equations (3) and (5), respectively. 'e “trial
and error method” was used by considering 1/3 and 2/3 of the
database for the training and the learning phases, respec-
tively.where k� 1, . . ., 10, according to Table 5, and n� 1, . . .,
5, according to Table 4 and equation (2).

act hk(  �
1

1 + e
− hk 

, (4)

fc � o � B + 

n�5
j�5

n�1
j�1

xn · wj

+ 

k�10
j�15

k�1
j�6

act hk(  · wj,

(5)

where n� 1, . . ., 5, according to Table 4 and equation (2),
k� 1, . . ., 10, according to Table 5, j� 1, . . ., 15, according to
Table 6, and B, according to Table 6.

Obviously, the mixture proportions have significant
influence on the fresh and harden properties of the mortars.
In other words, the amount of sand, coarse aggregate, and
water-to-cement ratio can affect the compressive strength. In
our study, the values of these factors have been fixed.
'erefore, the results of the ANN modelling can only be
valid for the condition under which the models have been
developed.

6. ANN Model Evaluation

'e proposed ANN model allows predicting the compres-
sive strength of the considered geopolymer-based mortar.
'e sample-by-sample comparison is reported in Figure 7 by
reporting both the actual (or experimental) and predicted
(or theoretical) outcomes. It can be seen that the ANNmodel
significantly overestimates the relative experimental data
only for sample number 39, i.e., 30S12M1.5, while a satis-
factory prediction was reached in all the other cases.
Moreover, a correlation index (R2) equal to 0.89 was ob-
tained as illustrated in Figure 8. In addition, the 25% scatter
area was plotted demonstrating that almost all the predic-
tions are within it. It can be noticed that the trend line of the
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Figure 5: Continued.
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points in figure (red dots) quite approximates the green line
(perfect prediction x� y). Finally, the frequency distribution
of the ratio between the actual and predicted values is shown
in Figure 9. 'e mean, median, and mode values were 0.991,
0.973, and 0.991, respectively, with a 14% coefficient of
variation. Since the mean, median, and mode are so close,
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Figure 5: Ternary plot of the molar composition with respect to the compressive strength (values: 1� 0–10MPa; 2�10–20MPa;
3� 20–30MPa; 4� 30–40MPa; 5� 40–50MPa).
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Table 5: Weight matrix and bias vector of the hidden layer.

Label Weight (wkn) Bias (bk)
h1 387.62 74.34 −148.41 −86.69 −157.70 69.33
h2 3.99 7.11 −54.74 −13.79 48.92 −8.28
h3 22.18 172.70 −208.02 −60.03 149.32 77.01
h4 2.49 2.34 −3.60 0.01 8.52 10.00
h5 28.29 38.41 −16.3 −5.49 5.07 48.89
h6 −91.99 −21.12 −84.44 1.75 216.12 19.56
h7 106.19 240.86 262.65 −89.65 105.64 100.45
h8 −3.71 −33.66 6.03 6.45 24.38 −2.31
h9 7.45 10.33 −30.81 −4.46 47.17 28.27
h10 8.27 16.53 −3.63 −2.82 0.27 17.09

Table 6: Weight matrix and bias value of the output layer.

Label Weight (wj) Bias (B)
i1 to o1 −21.83

−9.51

i2 to o1 42.09
i3 to o1 −132.17
i4 to o1 −31.31
i5 to o1 132.33
h1 to o1 65.13
h2 to o1 31.32
h3 to o1 −68.89
h4 to o1 −4.19
h5 to o1 54.90
h6 to o1 30.28
h7 to o1 62.76
h8 to o1 −11.65
h9 to o1 −24.70
h10 to o1 6.60
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the frequency distribution is symmetric, and its axis of
symmetry is x ∼ 1� perfect prediction. Furthermore, the
lower and upper outliners were 0.75 and 1.23, respectively.
In fact, only two findings were minor of 0.75 and two were
over 1.23.

7. Parametric Analysis

A parametric analysis is reported in Figures 10(a)–10(c) by
relating the molar fractions (x- and y-axes) to the com-
pressive strength prediction in MPa (o) on the z-axis
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Figure 10: 3D surface plot of the molar fractions with respect to the compressive strength: (a) %SiO2 vs %Al2O3; (b) %CaO vs % (SiO2) L;
(c) %Na2O vs %SiO2.

Table 7: Predicted inputs corresponding to mortar compressive strength fc >80MPa.

# %Na2O %(SiO2)L %SiO2 %Al2O3 %CaO fc (MPa)
1 0.13 0.11 0.49 0.20 0.07 83.53
2 0.13 0.14 0.52 0.15 0.06 84.69
3 0.11 0.13 0.47 0.24 0.05 82.65
4 0.13 0.12 0.46 0.23 0.05 80.58
5 0.12 0.11 0.46 0.25 0.06 80.88
6 0.13 0.12 0.51 0.15 0.08 82.41
7 0.10 0.14 0.49 0.21 0.06 80.53
8 0.12 0.13 0.49 0.20 0.06 81.16
9 0.12 0.11 0.45 0.26 0.06 80.07
10 0.15 0.12 0.51 0.16 0.06 84.15
11 0.13 0.12 0.50 0.19 0.06 82.86
12 0.15 0.10 0.48 0.20 0.07 83.80
13 0.12 0.13 0.49 0.21 0.06 82.08
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throughout a linear surface interpolation. Within this scope,
a database of 1500 possible combination of the five con-
stituents was randomly processed, with a variation range
consistent with Table 4 (i.e., 0.10± 11%; 0.10± 12%;
0.50± 6%; 0.22± 3%; and 0.09± 39% for i1; i2; i3; i4; and i5,
resp.). 'e molar fractions were considered two-by-two
while the remaining three were assumed constant and equal
to the relative average value from Table 4 data.'e target was
forecasted by means of the proposed ANNmodel, excluding
negative outcomes.'e colour maps indicate the value of the
theoretical compressive strength.'e theoretical trends were
found consistent and coherent with the experimental one.
Na2O and SiO2 were dominant in the mix for reaching high
levels of compressive strength, while CaOmostly affected the
output when combined with high amount of (SiO2)L
according to Figure 10(b). Furthermore, a compressive
strength >80MPa was computed for the input’s combina-
tions reported in Table 7 (20 cases on the total 1500).

8. Conclusions

'e present study shows the application of ANN methods to
predict the cylindrical compressive strength of fly ash-slag
geopolymer mortar varying the molar compositions of SiO2,
Al2O3, Na2O, and CaO, based on an experimental investigation
carried out on several mix proportions. A new analytical
formula was assessed. Despite the variability of the input pa-
rameters, the proposed ANN model presents good precision
and accuracy. 'e satisfying performance of the proposed
model was clearly indicated by the mean, median, and mode
values of fc,act/fc,pre, equal to 0.991, 0.973, and 0.991, re-
spectively, with a 14% coefficient of variation and a correlation
value of 0.89, indicating the reliability of the proposed model.
Parametric analysis was conducted to evaluate the effect of
molar fractions on the compressive strength. Na2O and SiO2
were dominant in the mix for reaching greater compressive
strength. 'e influence of CaO is significant when combined
with a high amount of SiO2 in alkaline solution.

'e results of the study are valid for the variation ranges
of the inputs, herein experimentally found. Further exper-
imental investigations are required for the ANN model
validation when different inputs, in terms of chemical
composition, are considered.
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[3] C. D. Atiş, E. B. Görür, O. Karahan, C. Bilim, S. Ilkentapar,
and E. Luga, “Very high strength (120 MPa) class F fly ash
geopolymer mortar activated at different NaOH amount, heat
curing temperature and heat curing duration,” Construction
and Building Materials, vol. 96, pp. 673–678, 2015.

[4] F. Xi, S. J. Davis, P. Ciais et al., “Substantial global carbon
uptake by cement carbonation,” Nature Geoscience, vol. 9,
no. 12, pp. 880–883, 2016.

[5] J. L. Provis, “Alkali-activated materials,” Cement and Concrete
Research, vol. 114, pp. 40–48, 2018.

[6] P. Nath and P. K. Sarker, “Effect of GGBFS on setting,
workability and early strength properties of fly ash geo-
polymer concrete cured in ambient condition,” Construction
and Building Materials, vol. 66, pp. 163–171, 2014.

[7] A. C. Ayachit, P. Nikam, S. N. Pise, A. D. Shah, and
V. H. Pawar, “Mix design of fly ash based geopolymer con-
crete,” International Journal of Scientific and Research Pub-
lications, vol. 6, pp. 381–385, 2016.

[8] R.Mustafa, K. N. Shivaprasad, and B. B. Das, “Effect of various
additives on the properties of fly ash based geopolymer
mortar,” Lecture Notes in Civil Engineering, vol. 25,
pp. 707–715, 2019.
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*e Yungang Grottoes, a World Heritage Site in Datong, consist of 252 caves that are noted for their collection of 5th- and 6th-
century Buddhist grotto sculptures and reliefs. Various diseases have appeared in the grottoes under the general influence of
natural and artificial factors. Bolt support is a commonly employed method for grotto reinforcement and has been widely applied
in many projects. Small-diameter bolts have also been used in the reinforcement projects at the Yungang Grottoes, but the
corresponding effect on the seismic performance of grottoes is still unclear. In this paper, a dynamic analysis via the numerical
modelling of an ear grotto of the 19th grotto in Yungang is established, and the rock displacement, acceleration, and bolt axial
force responses under a seismic wave are analyzed. *e results show that the seismic dynamic responses of grottoes are greatly
affected by the cliff structure. *e displacement and acceleration responses of the cliff body vary greatly within the abrupt
transition of the cliff structure. Based on this variation, the seismic capacity of small-diameter bolts in the vertical direction is
greater than that in the horizontal direction.*e axial force of a bolt is small at both ends of the bolt, large in the middle of the bolt,
small on the top of a cliff, and large at the bottom of the cliff. Although the axial force is small, the upper rockmass of the grotto has
a tendency to undergo relative movement compared with the outer rockmass.*e results also indicate that based on the structural
defects in the vertical direction of the cliff body caused by grotto excavation, the inclined angle of the bolt should be increased as
far as possible or vertical support should be adopted to enhance the stability of the rock mass at the top of the grotto.

1. Introduction

A grotto cliff body is a special kind of artificial rock slope that
is usually dug on the edge of a cliff body. *is digging causes
cliff bodies to become steep inclined slopes with large in-
clined angles that are nearly vertical to the ground. As in-
vestigated, grottoes have irregular shapes and a variety of
statues [1]. After years of weathering and human destruc-
tion, cracks have appeared in rock masses of grottoes, which
tend to produce more diseases [2–4].

Investigation shows that the collapse and destruction of
numerous grottoes are related to earthquakes, especially in

areas with strong seismic activity. Historically, grotto
temples, as permanent cultural relics, are always at the risk of
earthquakes. As recorded, nearly 70% of grotto temples in
China were destroyed because of their location in high-
intensity and earthquake-prone areas [1]. For example, the
Tiantishan Grottoes inWuwei, Gansu Province, China, were
seriously damaged in the Wuwei Earthquake (1927), which
caused the collapse and irreversible destruction of numerous
grottoes, while the nearby unexcavated mountain did not
experience major damage, and no large cracks appeared.*e
overall situation is still being mitigated. *is case shows that
the existence of the grottoes has a substantial impact on the
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stability of the mountain structure, and the destruction of
the grottoes by the earthquake is disastrous. *erefore, an
investigation of the seismic safety of grottoes is critical to
reduce the impact of earthquake disasters.

Anchoring can strengthen and reinforce the weak or
broken rock and soil mass with materials that have relatively
large stiffness; it substantially improves the self-stability of
the rock and soil mass, which stabilizes the engineering
structure [5, 6]. Bolts have been widely applied in rock and
soil mass support engineering, including grottoes [7]. Many
research achievements on bolt seismic reinforcement have
been made, but most of them were developed by analyzing
the slope, underground chamber, and tunnel reinforcement
engineering. *ese previous studies cannot fully illustrate
the seismic mechanism of grottoes because these rock
heritages are more unstable than the slope and more open
than the underground chamber; they also have more di-
mensions and characteristics than tunnels. Logically, the
seismic analysis of grottoes is quite different from that of
slopes, underground chambers, and tunnels.

In the reinforcement and protection project of the
Yungang Grottoes, small full-length bonded bolts have been
installed in many spots. Practically, small-diameter bolts can
improve the integrity of fractured rock mass and cause few
disturbances to the cultural relic body. However, an eval-
uation system or method for the aseismic effect of a small
anchor on the grotto rock is lacking. To explore the aseismic
effect on the cliff bodies of grottoes, the ear grotto of the 19th
grotto in Yungang was adopted as a research target, in which
a numerical model of grottoes and anchoring were estab-
lished. By this study, the seismic effect and principle of
reinforcing rock grottoes with small bolts are analyzed by
numerical calculation under dynamic action.

2. Rock Slope Analysis Model

2.1. Grotto Overview. *e Yungang Grottoes in Datong city,
Shanxi Province, represent the outstanding achievement of
Buddhist art in China in the 5th and 6th century, with 252
caves and 51,000 statues. *e Yungang Grottoes, Mogao
Grottoes in Dunhuang, and Longmen Grottoes in Luoyang
are known as China’s three largest ancient grottoes; they are
famous as world cultural heritages. Under the action of long-
term natural forces, the surrounding rock of these grottoes
has suffered numerous serious geological diseases [8–10].

*e total protection area of the Yungang Grottoes is
approximately 3.6 km2, with the Shili River in the south and
low hills in the north. *e geographical terrain of the
grottoes is slightly undulating, with a maximum height
difference of approximately 55m.*e geomorphologic types
of the grottoes can be generally divided into two forms: a
high platform structure with denudation in the low hills at
the top of the Yungang Grottoes and valley erosion accu-
mulation on the terrace of the Shili River [11]. *e grotto
rock mass has moderate softness and hardness, which is
suitable for carving, but has poor resistance to weathering.
*e composition of the 19th grotto consists of grayish-white
medium sandstone on the top of the grotto with a distri-
bution between 4 and 5m; medium sand and fine sandstone

with mudstone and sandy mudstone in the interlayer with a
distribution between 5 and 10m; and light brown and
grayish-white medium sand and fine sandstone 10m above
the grotto [12, 13]. *e geological section of the grotto cliff
body is shown in Figure 1. To obtain the calculation pa-
rameters of the rock mass that occurs in the grottoes, four
types of rocks were taken from the same stratum of the
mountain near the grottoes (Figure 2(a)), and the rocks were
cut into samples for test (Figure 2(b)). *e physical and
mechanical parameters of the rock mass were obtained by
experiments (Figures 2(c) and 2(d)). *e parameters of the
rock mass that occurs in the grottoes are shown in Table 1.

*e 19th grotto of the Yungang Grottoes is one of the
most representative grottoes at the research site. *e main
cave is oval in shape, with a vault roof, a door, and clear
windows. *e height of the seated Buddha in the main cave
is 16.8m, and it is the second highest statue in the Yungang
Grottoes. One ear grotto is cut approximately 5m from the
ground to the east and west of the grotto, in which a sitting
statue with a height of 8m is carved. *e research object of
this paper is the west ear grottoes and their cliff bodies, as
shown in Figure 3(a). After an earthquake, the fore wall of
the 20th grotto and the west ear grotto of the 19th grotto
collapsed. Part of the cave wall between the ear grotto and
the main grotto is relatively thin, and there is a broken hole
on the cave wall, as shown in Figure 3(b).*e thinnest part is
less than 10 cm; the cause of this damage is unknown.

2.2. Calculation Model and Boundary Conditions. In previ-
ous research, the time-history analysis of the seismic dy-
namics of the grottoes’ cliff bodies is relatively rare. Grottoes
are usually reduced to regular caves, while the statues in
grottoes are large in size and irregular in shape, which affect
the stress distribution of their cliff bodies. *e geometries of
the grottoes may have greater influence on the dynamic
response under dynamic action. *erefore, the shapes of the
statues in the grottoes should not be disregarded in the
dynamic response analysis of the grottoes’ cliff bodies, and
the morphologies of the grottoes should be reflected in the
model for better observation or modelling. *e three-di-
mensional model of the grottoes’ cliff bodies is established,
and the three-dimensional point cloud of the facade and the
inner main grotto walls of the grottoes’ cliff bodies are
obtained. *e finite element software ANSYS is employed
for auxiliary modelling, and the model is imported into
FLAC3D for calculation. *e built model is shown in
Figure 4(a).*e total height of themodel is 29.25m; the east-
west (X-axis direction) width is 12.12m; the north-south (Y-
axis direction) length is 20m; and the model has 48,029
nodes and 255,463 units. Because the cracks in the grottoes’
cliff bodies have been treated by grouting, the influence of
cracks is not considered in this model.

2.3. Anchorage Design and Calculation Parameters. Small
bolts are applied to reinforce the upper rock mass of the ear
grottoes, as shown in Figure 4(b). A full-length bonded bolt
is adopted for support: the length of the bolt l� 7m;
transverse and vertical spacing D� 2m; angle� 10°; bolt
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diameter r� 12mm; and design load is 40 kN. From the left
boundary of the model, a row of bolts was installed with an
interval of 2m, 5 vertical rows, 4 bolts in each row, and a

total of 20 small bolts. For the convenience of analysis, 5
rows of bolts were numbered as groups X1 to X5 from left to
right along the x-axis. From low to high along the elevation
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Figure 1: Typical geological section profile of the study area.
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Figure 2: Rockmechanics experiment: (a) primary sample, (b) sample cutting, (c) rock shear test, and (d) uniaxial compression experiment.
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Table 1: Physical and mechanical parameters of the rock mass in the grottoes.

Rock type Density
(g∙cm−3)

Elasticity modulus
(GPa)

Poisson’s
ratio

Cohesion
(MPa)

Internal friction
angle (°)

Tensile strength
(MPa)

Gray-white
sandstone 2.16 27.90 0.198 1.0 30.45 5.39

Light brown
sandstone 2.55 23.70 0.144 0.8 32.13 1.25

Argillaceous
siltstone 1.79 13.39 0.298 0.5 14.07 0.01

Mudstone 1.71 8.29 0.280 0.3 13.13 0.02

(a) (b)

Figure 3: (a) Western ear grotto of the 19th grotto in Yungang. (b) Damage to the thin wall between the ear grotto and the main grotto.

X

Y
Z

(a) (b)

Figure 4: Numerical model: (a) numerical model of the unanchored grotto and mesh generation; (b) schematic of bolt support design.
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direction, the bolts were numbered as groups Z1 to Z4.
According to the position, the bolts could be numbered as
group XZ, in which X and Z represent the x-direction of the
bolts and the z-direction of the bolts, respectively.

2.4. Cable Structural Elements. Structural units provided
for anchor/cable simulation in FLAC3D include Cable
and Pile [14]. *e axial stress of the small bolt, which has
a small diameter and a weak bending resistance, is
considered. *erefore, a cable is chosen to simulate the
anchor rod within the research. Each cable structural
element is defined by its geometric, material, and grout
properties. CableSEL is assumed to be a straight segment
of uniform cross-sectional and material properties that is
located between two nodal points. An arbitrarily curved
structural cable can be modeled as a curvilinear structure
that is composed of a collection of cableSELs. CableSEL
behaves as an elastic-perfectly plastic material that can
yield in tension and compression but cannot resist a
bending moment.

Each cableSEL has a unique coordinate system, as shown
in Figure 5, to define the average axial cable direction. *e
cableSEL coordinate system is defined by the locations of its
two nodal points, which are labeled 1 and 2. *e cableSEL
coordinate system is defined as follows:

(1) *e centroidal axis coincides with the x-axis
(2) *e x-axis is directed from node 1 to node 2
(3) *e y-axis is aligned with the projection of the global

y- or x-direction (whichever is not parallel with the
local x-axis) onto the cross-sectional plane

*e two active degrees of freedom of the cable finite
element are shown in Figure 5. For each axial displacement
shown in the figure, there is a corresponding axial force. *e
stiffness matrix of the cable finite element includes a single
degree of freedom at each node, which represents axial
action within a cable structure.

Naturally, the shear behavior of the cable-rock interface
is cohesive and frictional. Within this model, the system is
conceptualized and represented numerically as a spring-
slider system that is located at the nodal points along the
cable axis. In evaluating the axial forces that develop in the
reinforcement, displacements are computed at the nodal
points along the reinforcement axis, as shown in Figure 6.
Out-of-balance forces at each node are computed from the
axial force in the reinforcement, and the shear forces con-
tributed via the shear interaction along the grout annulus.
Axial displacements are computed by integrating the nodal
accelerations using the out-of-balance axial force and a mass
that is lumped at each node.

In the calculation of anchoring, the grotto model without
anchoring is analyzed, and the boundary conditions of
dynamic-static force, monitoring point setting, and input
seismic waves remain the same as the original model. Only
the bolt element is added to the upper rock mass of the
original model. *e material parameters of the small bolt in
the model are shown in Table 2.

2.5. Boundary Conditions and Seismic Waves. Numerical
analysis of the seismic response of surface structures, such as
dams, requires the discretization of a region of the material
adjacent to the foundation. *e seismic input is normally
represented by plane waves that propagate upward through
the underlying material. *e boundary conditions at the
sides of the model must be accounted for in the free-field
motion that exists in the absence of the structure. *ese
boundaries need to be placed at distances that are sufficient
for minimizing the wave reflections and achieving free-field
conditions. To apply the free-field boundary in FLAC3D
(Figure 7), the model should be oriented such that the base is
horizontal, its normal is in the direction of the z-axis, the
sides are vertical, and their normals are in the direction of
either the x- or y-axis.

*e Kobe seismic wave with a maximum positive ac-
celeration of 2m/s2 is selected as the input seismic wave in
the calculation of the seismic force within the grotto cliff
body. *e duration of the seismic wave is 18 s, and the
preeminent frequency range is 1–3Hz.*e input direction is
positive in the y-axis. *e time-history curve of acceleration
is shown in Figure 8.

2.6. Monitoring Stations. To facilitate the subsequent anal-
ysis and generate the final calculation results, monitoring
points were established before processing the calculation.
*e distribution of the monitoring points is shown in
Figure 9. A total of 38 monitoring points in three group-
s—E1–E12, M1–M14, and W1–W12—were set up along the

u2

x

z

y

u1

1

2

Figure 5: CableSEL coordinate system and 2 active degrees of
freedom of the cable finite element.
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Figure 6: Mechanical representation of fully bonded reinforcement.
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elevation at different x-coordinates of the model facade, as
shown in Figure 9(a). A group of 12 monitoring points were
set up along the elevation of the inner wall of the model,
namely, the wall of the main grotto, as shown in Figure 9(b).

3. Analysis Results

3.1. Displacement Response. To analyze the influence of the
small bolt support on the horizontal seismic permanent
displacements of grottoes, the y-direction relative dis-
placement-time history curve of the small bolt support is
compared with the bolt-free support of the grotto cliff body
at some monitoring points (consider group M’s monitoring
points as an example), as shown in Figure 10(a).

On the position of different monitoring points, the final
horizontal displacement of the anchored cliff is larger than
that of the unanchored cliff, as shown in Figures 10(b)–
10(d). For monitoring point M9 (Figure 10(c)), where the
difference in the displacement between the two points is
relatively large, the final horizontal relative displacement of
the unanchored cliff body is −29.57mm and the anchored
cliff body is −29.95mm. After anchoring, the horizontal
relative displacement of the cliff body increases by 0.38mm,
which is approximately 1.29%; this increase can be con-
sidered negligible.

Under the support of small bolts, the horizontal dis-
placement of the seismic response of the grotto cliff body

increases slightly because of the difference in the seismic
wave propagation caused by the improvement in the in-
tegrity by anchoring the rock mass. *e difference between
the anchored rock mass and the unanchored rock mass is
almost negligible; the support of small bolts has almost no
influence on the y-direction displacement response of the
grottoes under the action of earthquake. *is finding in-
dicates that the small bolts have no clear function in re-
ducing the permanent displacement of the cliff body in the
horizontal direction.

Although only the axial force is considered in the cal-
culation process of the cable unit, there is a certain angle
between the anchor bolt and the horizontal displacement
with a reflection of the effect on the vertical displacement of
the cliff body. To analyze the effect of the bolt support on the
settlement of grottoes in the z-direction, the uneven set-
tlement of the rock inside and outside the top of the model is
compared before and after anchoring, as shown in Figure 11.
For themajority of the seismic action, the settlement value of
the anchored cliff is less than that of the unanchored cliff.
*e largest difference between the anchored cliff and the
unanchored cliff occurs when the seismic action lasts for
7.654 s. *e uneven settlement of the unanchored cliff body
and anchored cliff body is 12.180mm and 9.437mm, re-
spectively, which is a reduction of 22.52%. At the end of the
seismic action, the uneven settlement of the unanchored cliff
and anchored cliff was 32.970mm and 31.593mm, which is a

Table 2: Material parameters of the small bolt.

Modulus of elasticity (GPa) Yield load (kN) Bond stiffness (N/m2) Bond strength (N/m) Anchor bar diameter (mm) Anchor hole
diameter (mm)

200 300 1.0×109 2×108 12 30
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Figure 7: Model for seismic analysis of surface structures and free-field mesh.
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(a) (b)

Figure 9: Distribution of monitoring points: (a) a total of 38 monitoring points were set up in groups E, M, andW on the model facade; (b)
inner wall monitoring points were set up with a group of 12 monitoring points.
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Figure 10: Continued.
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reduction of 1.377mm or 4.18%. *erefore, for different
moments of earthquake action, the effect of the anchor on
the uneven settlement of the cliff body is inconsistent. By
comparison, the effect of the anchor on the vertical settle-
ment of the grotto is slightly more significant than that of the
horizontal displacement of the grotto. However, the seismic
effect of the small bolt is still not ideal, with regard to the
reduction in the final displacement, because the seismic
effect of the small bolt is not fully realized.

3.2. Acceleration Response. Within the dynamic calculation
of the slope, the slope surface usually amplifies the effect of

seismic waves. To explore the ground motion response law
of the grotto cliff body, the PGA (peak ground acceleration)
amplification factor is defined as the ratio between the peak
acceleration response of each record point and the peak
acceleration response at the bottom of the model. Figure 12
shows the line diagram of the PGA amplification factor,
which varies within the elevations of the 4 sets of monitoring
points.

*e PGA amplification factor of the cliff body shows an
initial increasing trend and then a decreasing trend, among
which monitoring point M10 was near 130. *is trend also
presents an order of magnitude that differs from the PGA
amplification factor that has been investigated by previous
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Figure 10: Relative displacement in the y-direction of anchorage grottoes: (a) relative horizontal displacement-time history of some
monitoring points with and without anchoring; (b) local magnification of relative horizontal displacement-time history at monitoring point
M4 with and without anchoring; (c) local magnification of relative horizontal displacement-time history at monitoring point M9 with and
without anchoring; (d) local magnification of relative horizontal displacement-time history at monitoring point M13 with and without
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U
ne

ve
n 

se
ttl

em
en

t o
f t

he
 in

ne
r a

nd
 o

ut
er

ro
ck

 m
as

se
s (

m
)

Anchored
Unanchored

2 4 6 8 10 12 14 16 180
Time (s)

–0.035

–0.030

–0.025

–0.020

–0.015

–0.010

–0.005

0.000

0.005

Figure 11: Uneven settlement curves of grottoes with and without anchors.

8 Advances in Civil Engineering



PG
A

 fa
ct

or

U-W
A-W
U-M
A-M

U-E
A-E
U-I
A-I

0

20

40

60

80

100

120

140

0 5 10 15 20 25–5
Height (m)

Figure 12: PGA amplification factor at different monitoring points of the anchorage and original cliff body.

A
xi

al
 fo

rc
e o

f b
ol

ts 
(N

)

Bolt no. 11
Bolt no. 12

Bolt no. 13
Bolt no. 14

2 3 4 5 6 71
Distance from the free face (m)

–20

–10

0

10

20

30

40

50

60

70

(a)

Bolt no. 21
Bolt no. 22

Bolt no. 23
Bolt no. 24

2 3 4 5 6 71
Distance from the free face (m)

A
xi

al
 fo

rc
e o

f b
ol

ts 
(N

)

–20

–10

0

10

20

30

40

50

60

70

(b)

Figure 13: Continued.

Advances in Civil Engineering 9



scholars in the dynamic response of the slope. *e PGA
amplification factor does not increase along the elevation; it
first increases and then decreases and presents a strong
fluctuation. Apparently, the PGA amplification factor of the
monitoring point in the elevation area where the ear hole is
located is relatively large because the digging makes the rock
mass of grottoes have a special geometric structure.*e rock
mass has two groups of irregular facing surfaces, and its
geometric characteristics are more complex. During the
process of seismic wave propagation, there will be more
reflection and superposition between the two groups of
surfaces, which is more complicated than the normal en-
gineering slope. Considerably, the significant increase in the
PGA amplification factor prompts the installation of

monitoring devices to achieve a better illustration of the
effect.

It can also be shown in Figure 12 that, at the point of
geometric structure mutation, the PGA amplification factor
changes significantly even if the elevation remains constant,
such as M3 and M4, between M11 and M12. Although they
are located at the same height, their PGA amplification
coefficient difference is very large. *is finding further in-
dicates that the geometry of the rock mass has a considerable
influence on its seismic dynamic response. From the top of
the grottoes to the top of the model, the PGA amplification
factor decreases sharply, which indicates that the seismic
wave dissipates more at the location of the rock at the top of
the ear grottoes.
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Figure 13: Bolt axial force distribution.
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*e analysis of the PGA amplification coefficient of the
anchor-reinforced cliff body and original cliff body reveals
that the PGA amplification coefficient of the anchor-rein-
forced cliff body and cliff body without anchoring is different
but still retains the original cliff body distribution charac-
teristics of the PGA amplification coefficient. *e PGA
amplification coefficient shows a decreasing trend after the
initial increase, and in the elevation range of ear grottoes, the
PGA amplification factor is relatively large.

3.3. Axial Force Response of the Bolt. By the analysis of the
displacement and acceleration response of the anchor-
reinforced cliff body, it can be seen that the anchoring effect
of the small bolt is not fully exerted, and the axial force
response of the bolt is small. *e axial force distribution of
the bolt is shown in Figure 13. With regard to the overall
distribution, most of the bolt axial force is still small at both
ends and large in the middle, with a smaller bolt axial force.
As reflected by one of the most significant axial forces, the
force of the no. 51 bolt (Figure 13(e)) is only 60.42N, which
is substantially less than its design load of 40 kN. *is small
axial force does not fully exhibit its anchoring effect. *e
analysis confirms that the bolt has no significant effect on the
seismic reinforcement. *e analysis results of the axial force
of the bolts among different groups indicate that the
maximum axial force of the bolts in each group decreases,
which is consistent with the increase in elevation and is
similar to the distribution law of the axial force of the bolts in
the homogeneous anchored slope [15].

4. Conclusion

As indicated by this analysis, the horizontal displacement of
the anchor-reinforced cliff body is increasing rather than
decreasing; this trend is also observed in the region without
the anchor support. *is condition is attributed to the
difference in the seismic wave propagation caused by the
changes in the material properties of the original cliff body
after installation of the anchor support. *e change in the
material properties of the rock mass causes a difference
between the distribution of the PGA amplification factor of
the reinforced anchor and the original cliff body. Conse-
quently, the use of small bolts for the reinforcement method
has no significant influence on the horizontal displacement
responses of the grottoes calculated in this study. However,
in the vertical direction, there is a certain angle between the
bolt and the horizontal direction that can have a certain role
in the vertical direction. Within the whole process of seismic
action, the uneven settlement of the anchor is controlled to
some extent, but the final results show that the seismic effect
of the anchor is not ideal.

According to the existing literature, bolt support mainly
changes or improves the structural characteristics of the rock
mass. Because the fracture and structural plane character-
istics of the grotto rockmass are not considered in this study,
the structural characteristics of the upper rock mass of the
cliff body are not significantly improved in the horizontal
direction even with the support of the bolt. Otherwise,

within the vertical direction, ear grotto digging produces a
discontinuous rock mass defect. Although the force of the
bolt in the vertical direction is not large, it still has a certain
controlling effect on the uneven settlement of the upper rock
mass and can prevent fracture between the inner rock mass
and outer rock mass at the top of the grotto. In addition, as
the axial force of the bolt is directly related to the relative
displacement of the rock around the bolt, with the relatively
small displacement of the rock in the cliff body, the axial
force response of the bolt is quite small with no indication of
its supporting role.

With this calculation model, this kind of support with
small bolts cannot reduce the relative displacement of the
upper rock mass of the grotto cliff body in the horizontal
direction. However, in the vertical direction, the support has
a certain role in controlling the uneven settlement of the
upper rock mass. *e axial force in the bolt is very small,
which also indicates that its supporting effect on the rock
mass has not been fully realized.

By observing the structural defects in the vertical di-
rection of the cliff body caused by the grotto excavation, the
inclined angle of the bolt should be increased as far as
possible or the vertical support should be adopted to en-
hance the stability of the rock mass at the top of the grotto.
*e results show that the anchoring effect of the bolt on the
slope is mainly reflected in changing or improving the
structural characteristics of the rock mass under the action
of an earthquake.
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