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ABSTRACT

This study assessed the safety against overturning of an old entrance structure located at the entrance
of Lady of Solitude Cemetery (1850) in Belém do Para/Brazil. A non-destructive technique using
ground penetrating radar (GPR) was used to map the existing foundation and the assessment was made
by analyzing the action of load on its centroid and comparing the results of the net allowable capacity
of the soil with the maximum pressure exerted at the base of the foundation, also, comparing the
moment resistance and the overturning moment in terms of the minimum safety factor required. The
GPR results revealed the type of shallow foundation with a depth of 1 m; while the geotechnical results
showed that there was no tension in contact with the base. The position of the centroid within the
column kern resulted in a safety factor 10 times greater than the minimum recommended value.
Keywords: up to a maximum of 5 words to identify the area of knowledge of the work, in descending
order of importance, from general to specific. Separate each word with a semicolon (;). Use 12-point
Times New Roman.
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Analisis de la estabilidad ante vuelco de la estructura de entrada a un
cementerio historico.

RESUMEN

En este estudio se evalu6 la seguridad contra vuelco de una estructura de entrada antigua situada
en la entrada del cementerio de la Dama de la Soledad (1850) en Belém do Paré/Brasil. Se utilizé
una técnica no destructiva utilizando radar de penetracién en el suelo (RPS) para mapear la
cimentacion existente y la evaluacion se realizd mediante el analisis de la accion de la carga
alrededor de su centroide y la comparacion de los resultados de la capacidad neta admisible del
suelo con la presion maxima ejercida en la base de la cimentacion, también, la comparacion de la
resistencia al momento y el momento de vuelco en términos del factor de seguridad minimo
requerido. Los resultados del RPS revelaron el tipo de cimentacion poco profunda con una
profundidad de 1,0 m; mientras que los resultados geotécnicos mostraron que no habia tensién en
contacto con la base. La posicion del centroide dentro del kern de la columna dio lugar a un factor
de seguridad 10 veces superior al valor minimo recomendado.

Palabras clave: evaluacion; edificios historicos; georadar; piedra de lioz; inclinacién.

Analise da estabilidade ao tombamento da estrutura de entrada de um
cemitério historico.

RESUMO

Este estudo avaliou a seguranca contra o tombamento de uma estrutura de entrada antiga localizada
na entrada do Cemitério Nossa Senhora da Soledade (1850) em Belém do Para/Brasil. Uma técnica
ndo destrutiva usando o radar de penetracdo no solo (RPS) foi usada para mapear a fundacédo
existente. A avaliacdo foi feita analisando a acéo da carga em torno de seu centroide e comparando
os resultados da capacidade admissivel do solo com a pressdo maxima exercida na base da
fundacdo, assim como, a comparacdo dos momentos resistente e de tombamento em termos do
fator de seguranca minimo exigido. Os resultados do RPS revelaram o tipo de fundagéo superficial
com 1,0 m de profundidade, enquanto os resultados geotécnicos mostraram que ndo existia tensao
em contato com a base. A posic¢do do centroide dentro do nicleo central de inércia do pilar resultou
em um fator de seguranca 10 vezes maior do que o valor minimo recomendado.

Palavras-chave: avaliacéo; edificios historicos; georadar; pedra de lioz; inclinagao.
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1. INTRODUCTION

The use of shallow foundations (footings, blocks, and rafts) is a millennial practice in civil
engineering, usually performed to support various structure types at a depth of up to 2.0 m.
According to NBR 6122 (ABNT, 2022), shallow foundations transmit the loads to the soil directly
by the tensions under the foundation base to a depth of, at most, twice the smaller dimension of the
foundation element. Its execution is practical and less costly than the deep foundation. However,
their application is less confident than that of deep foundations when it comes to providing long-
term safety; due to the risk of soil failure as its properties change over time. The problem of shallow
foundation instability is recurrent in old buildings due to several factors, mainly the soil profile,
the wear of the material used in the foundation over time, the changing water level, and the ground's
excessive vibration. In Brazil, the city of Santos (Brazil) is known as the city of inclined buildings,
where about 10% of the city's buildings constructed on the Santos waterfront in the 1960s have a
slope problem due to vertical displacements caused by densification of the fine soil over the marine-
type soil along the time. The best-known case is the Nucio Malzoni building (Figure 1a) which in
2013 presented a tilt of 2.17° and plumb displacements (J) of 2.10 m. The Tower of Pisa (Figure
1b) and the Bad Frankenhausen tower (Figure 1c) are the most famous cases worldwide, which
showed displacements of 4.03 and 4.60 m, respectively. In the tower of Pisa (Italy), the inclination
was caused by the fluctuating water level that strongly influences the movement of the ground.
While in the Bad Frankenhausen tower (Germany), the tilt was caused by the salt-bearing rock
layers in contact with groundwater.
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Figure 1. Nucio Malzoni Tower; (b) Pisa and (c) The leaning tower of Bad Frankenhausen
Note: (a = arctan(d/h)).

However, the construction processes and the materials used in the old buildings, such as sand-lime
or clay mortars, are permanent challenges of compatibility and the methodology to be adopted in
the case of restoration or structural reinforcement (Radnic et al., 2020; Bricefio-Mena and Castro-
Borges, 2022) with the emergence of Portland cement and reinforced concrete, respectively, at the
end of the 19th and the 20th centuries. Another major challenge in the case of the risk of overturning
is the technique to be employed in the evaluation of old foundations, joining the recurrent
difficulties of the lack of technical documentation and norms referring to the safety of structural
stability of old buildings.
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In general, the solutions to remedy the inclination problem in old buildings must be treated case by
case and depend mainly on the structure's self-weight, the structural monolithicity, and the type of
foundation, including the soil profile. Several techniques are employed for stabilizing the vertical
plumb or the ground settlement, such as the use of jacking systems (Maffei et al., 2006), the
leveling technique with soil extraction, under-excavation or sub-excavation (Tamez et al., 1997,
Edmunds, 1993), the use of the load transfer and water table control mechanism. In addition, other
solutions can be applied, such as improving the soil's load-bearing capacity; expanding the load
transmission area; replacing the old foundation with a new one; stabilizing by retaining structures;
and inserting structural elements such as piles, micro-piles, and efficient drainage (Burland et al.,
2009; 2015).

The Amazonian city in the state of Para has countless architectural, urban, and landscape assets
inherited from Portuguese, French, Italian, and Japanese influence since for a long time the city
was the main transit point for rubber exports to Europe. Thus, it is possible to find several old
buildings protected by Brazil's National Historic and Artistic Heritage Institute (IPHAN), such as
the Nossa Senhora da Soledade cemetery (Lady of Solitude Cemetery), located in the noble
neighborhood of Batista Campos, according to Figure 2. Figure 3 shows also an illustration of the
types of entrance gate frames found in the Soledad Cemetery: (a) built with stone blocks and (b)
built with reinforced concrete. In this work, the safety of one of the old entrance structures (Figure
4) to the Soledade Cemetery, which had an apparent slope, was technically assessed. Due to the
structure's historical value, the characterization and dimensions of the foundation were located
using a non-destructive method, with Ground-Penetrating Radar (GPR) equipment. The assessment
was made by analyzing the load distributed in one of the columns about to its centroid and
comparing the results of the net allowable bearing capacity of the soil with the maximum pressure
exerted at the base of the foundation, also, comparing the moment resistance and the overturning
moment in terms of the minimum safety factor required.
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Figure 3. lllustration of types of entrance gate frames found in the Soledad Cemetery: (a) built
with stone blocks and (b) built with reinforced concrete.
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2. METHODOLOGY OF EVALUATION

etery.

2.1 Stone entrance gate frame characteristics

According to IPHAN, the Soledade structure entrance was designed by architect and engineer
Pedro José Pezerat, built with stone Lioz, also known as royal stone (a historical Portuguese natural
stone or type of limestone originating from the Lisbon region that has been used for centuries in
public buildings), in 1850 with a triangular pediment and acroteria in stylized leaves and has a
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wrought iron gate produced by the English firm Singlehurrts & Muller Co., as illustrated in Figure
5. The non-monolithic structure is composed of an assemblage of carved stone blocks. The height,
length, and width were ~8.0 x 6.0 x 0.65 meters, respectively, and the self-weight was estimated at
45 tf.
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Figure 5. Gate frame dimensions (unit: cm)

2.2 GPR surveys for the detection of existing foundations

According to the report of the drilling of the STP (Surface-Treating Pressure), the soil profile is of
yellow sandy silt type with average compactness up to 9 m depth, presented in Table 1. The
mapping of the foundation was performed with the GPR, also known as Georadar. GPR is an
electromagnetic geophysical method that uses pulses of radio waves at certain frequencies to map
and identify underground structures. This practical methodology detects the depth, composition,
and presence of objects or anomalies in the subsoil, avoiding the necessity of excavations. It is
considered a non-intrusive and low-cost method of surveying the subsurface and is used in various
applications for the preservation of buildings with historical value, as well as in archaeological
investigations (Hussain and Akhtar, 2017). Table 2 presents the characteristics of the GPR
equipment used, as shown in Figure 6a, which has a 500 MHz antenna frequency and works in the
time domain in data post-processing. The detections were made in the proximities parallel to the
structure at 30, 60, 90, and 120 cm positions, according to Figure 6b. According to the processed
radagrams presented in Figure 7, it was possible to observe different GPR signal responses in the
soil along the structure, such as longitudinal discontinuities in the fill materials, indicating the
existence of inhomogeneities in a single material, the irregular shapes and sizes of the reflection
images generated revelated the existence of stones, and the different behavior of the strongest signal
may be an indication of the presence of cementitious material, in other words, cyclopic concrete
was used in the shallow foundation, as shown by the signal intensity at a depth of up to ~1.0 m and
along the parallel positions to the structure.
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It was noted that the signals were intense up to the 60 cm position, while at the 90 cm position, the
presence of the signal was identified only in the middle, this was due to the existence of a concrete
block extending up to this position, as can be seen in Figure 6b, whereas the radagram at the 120
cm position did not identify any stone in this position. For validation of the mapping results, 20 cm
drills were made on both sides parallel to the structure, as shown in figures 8a and 8b, thus, the
extension of the foundation block was proven at 80 cm position and the backfill layer at 40 cm.

Table 1. Soil layer profile results

Layer D(erg;[h Thl(crﬁ?ess Nspt” Soil type Compactness
1 1.0t07.0 6.0 13 Sandy yellow silt M. Compacted
2 7.0t09.0 2.0 45 Medium red silty sand Highly
3 9.0to 13.5 45 50 Yellow silty fine sand compacted

Note: Ngpt = average value of soil penetration resistance index; The water was found at a depth of
9.21 m to 9.43 m; M. = medium.

Table 2. GPR and soil physical characteristics

Antenna center . Data analysis
Target frequency (MHz) Soil type Scan method method
Soil 500 Sandy silt linear Time domain
Concrete

(b)
Figure 6. (a) GPR used and (b) Positions investigated.
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Figure 7. Foundation Radagram.

Analysis of overturning stability of a historic cemetery entrance structure. 71

Nzambi, A. K. L. L., Oliveira, D. R. C., Picanco, M. S., Fernandes, R. S., Norat, R. C. C., Sanjad, T. A. B. C.



_ 2]

Revista ALCONPAT, 15 (1), 2025: 64 — 78

Figure 8. Checking the extension of the foundation block: (a) from outside the cemetery and (b)
from inside the cemetery.

2.3. Inclination and eccentricity

According to Spyrakos and Nikolettos (2005), overturning occurs by rotation around the center of
gravity (CG). However, a tilt of 1.35° was observed, probably due to settlement over time, traffic,
or the movement of soil during excavation for the asphalting of Serzedelo Street, generating an
eccentricity of 7.26 cm in the direction of the y-axis. In the direction of the x-axis, the structure did
not exhibit any inclination. The Plumb line method was adopted for measuring the eccentricity, as
illustrated in Figure 9. The results were computed using equations 1 and 2.

i | Kern

225
B

o E

<t i

v . :

= 308 |65
"'r'r; =17
Frontal view Lateral view Eccentricity
Figure 9. Assuming eccentricity by plumb line method. (unit: cm)

€ _ o —nh. .S —h. -t
h = €c = Mg = g = N -tan(a) (1)

PL G PL
€. =3.08m-tan(1.35°) =0.0726m (2)

Where:

ep;, and e are eccentricity at the height of the plumb line and the center of gravity, respectively.

hp; and h. are heights of the plumb line and center of gravity, respectively.
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2.4. Ultimate and allowable soil-bearing capacity

The ultimate bearing capacity (qu) for the continuous footings in the sand layer (no cohesion) was
calculated according to Terzaghi's (1943) and Meyerhof's (1963) expression, Equation 3, and the
allowable bearing capacity (qa) was calculated by Equation 4. The influence of the angle of internal
friction was also evaluated, varying from 30° for the loosely compacted soil profile, 35 and 40° for
the medium compacted soil, defined according to the classification of sandy soils proposed by
Porto (1979) and by the geotechnical properties shown in Table 3.

1
qu:E.y.sy.B.Ny_qu.q.Nq (3)
Jq
= 4
% = o (4)
Where:

y = soil unit weight.

s, and sq = shape factors.

B = footing width.

q = total surcharge, q = y-D.

D = depth of embedment.

N, and Nq = bearing capacity factor for soil unit weight and for the surcharge, respectively.
FS = safety factor.

Table 3. Geotechnical properties

sandv soil Continuous footing | Bearing capacity factors
andy sot ¢ N Y shape factors (AASHTO, 1996)
layer (degrees) (t/m?3)
Sq Sy Ng N,
LC 30 4 1.8 18.40 22.40
35 1.0 1.0 33.30 48.03
MC 40 ] 19 64.20 109.41

Note: N is the average SPT at the stress bulb (twice the width of the foundation); ¢ is the soil
friction angle, ¢ =28°+ 0.4-N (Godoy, 1983); the angles of 35 and 40° were defined by the Porto
classification (1979); LC = loosely compacted soil; MC = medium-compact soil.

2.4.1. The effects of eccentric loading and base inclination

For the effect of load eccentric relative to the centroid of the footing, reduced footing width was
calculated according to Equation 5. Also, it was assumed the inclination of the base, through the
factors b, and bq, calculated according to Equation 6. Therefore, the modified ultimate bearing
capacity is given by Equation 7 and the net allowable bearing capacity was calculated according to
Equation 8.

BI:B_Z.eCG (5)

b, =h, = (1-atan(g))’ (6)
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1 .

qu:E.y.Sy.b}/.B.Ny+sq.bq.q.Nq (7)

q;et,a:@ (8)
Where:

B' = Effective footing width.

3. RESULTS AND DISCUSSION

3.1 Safety criteria

Combined axial force and moment increase the pressure on an edge or corner of a base. If the
pressure combination is in tension, this effectively means that the contact between the soil and the
base has been eliminated and the pressure is zero (gmin = 0). To avoid zero pressure, the eccentricity
must be inside the kern and the maximum bearing pressure (gmax) must not exceed the net allowable
soil pressure (g neta), according to the criteria in Equation 9. Equation 10 establishes the safety
requirement against overturning of the structure, where the ratio of all the resisting moments (Mg)
over the overturning moments (Mo) is defined as the factor of safety (FS). Overturning is considered
in design and in check of existing structure of such that the Mr must be greater than the Mo, by a
FS of at least 1.5.

Omax < Oheca (9)

FS = %mR >15-2.0 (10)

0

3.2 Calculation of the acting forces on the foundation

Table 4 presents the parameters used to calculate the forces acting on the column (self-weight, Pc),
the overburden (soil cover or backfill, W), and the foundation (W> and Ws), defined respectively
by Equations 11, 12, 13, and 14, as shown in Figure 10. The total vertical load (Pv) was calculated
according to Equation 14 and the moment due to the centroid (Msr) of the column was calculated
according to Equation 15.

Table 4. Characteristic parameters used

s

Soil cover Black stone block
h1 (m) b (m) L(m) | y:(tf/m3 ] ho(m) B (m) L (m) | y2(tf/m3)
0.4 0.8 1.6 1.8 0.6 2.25 1.60 2.67
Note: y1 and y2 = soil and cycloptic concrete unit weight, respectively.
P. =P, /2 =45tf /2 = 22.50tf (12)
W, =L-h-b-y,=16-0.4-0.8-1.8=0.92tf (12)
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W,=L-h- Bp -y,=1.6-0.4-0.65-2.67 =1.11tf (13a)
W,=L-h,-B-y,=1.6-0.6-2.25-2.67 =5.77tf (13b)
Where:

Pc = load on the footing from the column.

W1 = weight of soil.

W> = weight of footing pedestal.

W3 = weight of footing base.

L = depth of the foundation block considered in this work.
b = soil cover width.

B = footing width.

Bp = pedestal width.

h1 = Soil cover depth.

h> = footing thickness.

Column
\ Pedestal
Soil cover
b
o Q - W, Footing
_,I']-_ ¥ iﬁ l r
) H. 2
I | ' / )
.
! ] q.‘:
{.F-".:."
- L

ala

Figure 10. Assumed forces acting on stabilizing of column foundation.

P, =P +W, +W, + 2-W, = 22,50 +5.77 +1.11+ (2-0.92) = 31.22tf (14)
M, =P, -6cs = 22.50-0.0726 =1.63tf - m (15)

c

Where: Py = total vertical load and Mkt is the moment due to eccentricity.
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3.3 Calculation of the minimum and maximum pressures in contact with the footing base
Knowing the forces and moment acting on the structure, the minimum (gmin) and maximum (Qmax)
pressures in contact with the foundation block (pressure distribution under the footing) were
calculated according to Equation 16. The gmin result revealed the contact between the soil and the
base, so there is no tension, and the difference between gmax and gmin Was around 30%.

R/ =T I\/Itilt
min,max —+ 16
Clrnin, LA s, (16)
Where:
2
A=B-Land Sy: B L.
Therefore,
M
a. =[R_My :( 31.22 j_ 163 | - 4620
A s, ) (22516 (2.252-1.6j
6

O =(&+ it ] =( SLes j+ 1931 gatf

A S, 2.25-1.6 2.25°-1.6

S

3.4 Verification against overturning
Equations 17 and 18 were used to compute the resisting (Mr) and overturning (Mo) moments,
respectively. Analyzing the results presented in Table 5, it was noted that all the safety factors were
largely satisfactory. Varying from 2.4 to 12 for the soil resistance. In addition, a behavior of SF
duplication was observed with each 5° increase in the friction angle, in other words, in an
unsaturated soil, with consolidation over time, its resistant capacity can increase even more,
justifying the stability condition observed in the structure analyzed, where the FS for overturning
was 22, 10 times higher than the minimum value recommended by ACI 318 (ACI, 2019). This
discrepancy was because the eccentricity was much smaller, resulting in a smaller overturning
moment, in other words, it proved that loading with the centroid inside the column's kern does not
generate a risk of overturning.

B

M, =R, - > :31.22-(2.25/2):35.12tf -m a7
M, =M, =1.63tf-m (18)
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Table 5. Summary of structural safety verification

Soil Overturnin Eccentricity
¢ 1
o Omax Qu (0P g neta Mg Mo
O wtime) | etma) | coime) | @wma) | FSt | FS2 | tromy | eromy | FS | co =B/
30 78 26 24 2.6 2.4
35| 9.88 166 55 52 55 53 | 3512 | 1.63 | 22 | 0.073<<0.375
40 356 119 111 120 | 11.2

Note: FSl = qa/qmax; FSZ = q'net,a/qmax and FS = MR/Mo.

4. CONCLUSIONS

Based on the results, it was found that the structure is in a state of safety against overturning, with
soil safety factors ranging from 2.4 to 12 and the overturning safety factor 10 times greater than
the minimum required. However, the centroid analysis methodology and the use of GPR to map
the existing foundation were decisive and satisfactory. This practical assessment methodology used
in this work aims to be an alternative in the preliminary technical assessment of historic buildings
with low cost and considerable time savings in the engineer's decision-making.
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