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Abstract. This study aims to compare the results obtained experimentally on a
stone sample used in the construction of the Triumphal Arch of Caracalla in the
archaeological site of Volubilis with those obtained numerically by two imple-
mented models: the Concrete Model (CM) implemented in ANSYS software and
the Concrete Damage Plasticity (CDP) model implemented in ABAQUS soft-
ware. The objective is to determine the suitable model for accurately simulating
the stones used in Roman heritage structures. Compression and tensile tests were
carried out on cylindrical stone specimens. A comparison of the mechanical be-
havior of the stone was made between the experimental results and those from
the two numerical models.
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1 Introduction

The archaeological site of Volubilis in Morocco (Fig 1) dates back to the Roman
Empire. The site comprises historic monuments, the majority of which are masonry
structures. Over the years, these structures have suffered several types of damage, in-
cluding cracks in their stone blocks (Fig 2). This makes these historic monuments un-
stable.

To preserve and strengthen these structures, it is essential to assess their structural
behavior with regard to external stresses. To achieve this, laboratory tests are required
to evaluate mechanical properties and determine failure modes under various loads.
These tests are complemented by numerical simulations using models implemented in
simulation software such as ANSYS and ABAQUS. The Concrete Model (CM) and
Concrete Damage Plasticity (CDP) model are used to simulate quasi-fragile materials
such as stone, which have non-linear strength characteristics. Several studies have been
conducted to simulate masonry structures using both CM and CDP [1], [2], [3], [4], [5],
[6], [7]. However, while these models are typically used for concrete structures, their
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application to natural materials, such as the stones used in Roman architecture remains
a relatively unexplored research topic. This gap raises the question of the accuracy of
the modeling software used in predicting the mechanical behavior of natural stones,
particularly in the context of their conservation.

Our study aims to compare the experimental and numerical results of a uniaxial com-
pression test carried out on the stones used in the construction of the Triumphal Arch
of Caracalla in the archaeological site of Volubilis, Morocco. Numerical simulations
were carried out using CM and CDP models implemented in the ANSYS and ABAQUS
software, respectively. The results focus on the stress-strain response, zones of weak-
ness, and failure modes. This comparison enabled the identification of the most suitable
numerical model that yields results closest to the experimental data and to make rec-
ommendations regarding the appropriate modeling approach for studying stone behav-
ior at the Volubilis site.
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Fig 2. Cracks in the Stone Blocks of the Triumphal

2 Experimental characterization of stone

To perform the experimental tests on the stone samples, a preparation process was
followed. Firstly, stone samples were collected from the original quarry, called “Mou-
lay Driss”. They were cored in an arbitrary direction using a core drill and then cut into
cylindrical specimens with dimensions of 50mmx50mm. Next, two experimental tests
were conducted using a PROETI-type mechanical press: the compressive strength test
and the tensile strength test.
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The compression test was performed by applying axial displacement progressively
and uniformly to three specimens until failure, in accordance with the ASTM C39
standard [8]. Table I summarizes the mechanical property values for each sample
tested. The results indicate an average compressive strength of 81.83 MPa, which re-
flects the high strength of the stone. The material exhibits a modulus of elasticity ap-
proaching 109 GPa, indicating a very rigid material. These values confirm that the stone
used to build the Triumphal Arch has superior mechanical properties, which enhance
the durability of the structure over time.

Fracture mode analysis revealed predominantly longitudinal cracking characterized
by vertical cracks and splitting, as shown in Fig 5.a. The stress-strain curves obtained
during the compression test (Fig 7) show a gradual stress rise until the elastic limit,
followed by abrupt failure with no significant plastic deformation.

The indirect tensile test was carried out on three specimens in accordance with
ASTM D3967 standard [9]. The tensile strength of the material as found to be 7.5 MPa,
which is approximately 8% of the compressive strength. These experimental results are
used to validate the numerical simulations conducted in this study.

Table 1. Mechanical properties of stone samples

Mechanical properties

Sample Compressive strength (MPa) T ensz‘el ;t;)ength Young('Gs Il::;dulus
1 81.50 7 108.5
2 82.10 8,2 110.2
3 81.90 74 108.9

3 Numerical simulation

3.1 Concrete Model
The "Concrete" model implemented in ANSYS commercial software predicts the
failure of brittle materials (in three spatial directions). This model is based on Wiliams-
Warnke yield criterion developed by K.J. Wiliam and E.P. Warnke in the 1970s.
This model requires the definition of five parameters :
e  Compressive strength f;
e Tensile strength f;;
e Biaxial compressive strength f,;;
e Open shear transfer coefficient f5,;
Compressive and tensile strength, f. and f; respectively, are determined through
laboratory testing. In contrast, biaxial compressive strength is calculated using the
following formula [10]:

fer = 1.2f; ey
The two shear transfer coefficients, 8, and S., correspond to open and closed crack
conditions, respectively; and are used to simulate shear slip along the crack face.

https://doi.org/10.1051/matecconf/202541502007
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According to Razaghi et al. [11], the coefficient 5, typically ranges between 0.2 and 0.5,
while the . ranges between 0.0 (indicating total loss of shear transfer) and 1.0
(indicating no shear transfer loss).

Fig 3. illustrates the failure surface proposed by William-Warnke. These surfaces
are represented in an orthogonal coordinate system (O, 0y, 0yp). .

The input parameters for this model are shown in Table 2.

9yp
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0zp < 0 (Crushing)

Fig 3. Failure surface suggested by Wiliam and Warnke (Based on [10])

Table 2. Mechanical properties and input parameters of stones

Parameter Value
109000

0,25

Young's modulus E (MPa)
Poisson’s coefficient 9

Uniaxial compressive strength f. 81.83
(MPa)

Uniaxial tensile strength f, (MPa) 75

Density (Kg/m3) 2960

Biaxial compressive strength f., 98,2

(MPa)

Open shear transfer coefficient 3, 0.2
0,2

Closed shear transfer coefficient (3,

3.2 Concrete Damage Plasticity

The concrete damaged plasticity model is a plasticity-damage-based model intro-
duced by [12] and further developed by [13] to predict the behavior of concrete, rock,
and other quasi-brittle materials. The two main failure modes of this model are cracking
in tension and crushing in compression.
CDP is defined by means of the following parameters: dilation angle v, eccentricity e,
the ratio g;,¢/0., between biaxial compressive yield strength and uniaxial compressive
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yield strength. The parameter K., hardening-softening compressive behavior, tensile
softening behavior. Further details of these parameters' meaning found in [14].

The parameters K., 050/0.9, and € were assumed as suggested in the ABAQUS
manual [14] for quasi-brittle materials. The dilation angle was taken equal to 10°, as it
is commonly used in the literature. The inelastic compressive behavior was extracted
from the experimental test derived on the stone. The tensile behavior was estimated
according to [15], [16] based on the stone experimental tensile strength. Hence, the
adopted input parameters are summarized in Table 3, Table 4 and Table 5.

Table 3. Abaqus input mechanical characteristics

Reference [14] Estimated Experi- [17] Experimental Experimental
mental
Parameter Elastic
0
K. /bo € b4 modulus Poisson’s ratio Compressive strength (MPa)  Tensile strength (MPa)
o,

<0 (MPa)

Value 0.67  1.16 0.1 10° 109000 025 81.83 75

Table 4. Inelastic compressive behavior
Inelastic strain Yield stress (MPa)

0 81.83
3.25714E-05 80.02
5.25714E-05 74.89
0.000122571 54.04
0.000272571 3591
0.000332571 30.45

Table 5. Inelastic tensile behavior
Cracking displacement (mm)  Yield stress (MPa)

0 7.5
0.001 7.16950169
0.003 6.55155495
0.005 5.98686967

0.01 4.77901446
0.02 3.04519722
0.03 1.94040554
0.04 1.23643015
0.05 0.78785567
0.06 0.50202315
0.07 0.31989012
0.08 0.2038346
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4 Results and discussion of the numerical simulation

This section presents an analysis of the results obtained from the numerical simula-
tions in comparison with the experimental test. The aim is to compare the values ob-
tained through laboratory testing with those obtained from modelling, to assess the ac-
curacy of the approaches adopted. Fig 4. illustrates the simulated stone geometry.

Impactor

Fixed Support

Fig 4. Geometry of simulated stone

4.1 Concrete Model results

This section presents the results obtained numerically using ANSYS software via
the concrete model. Figure 5.b shows the stress distribution in the simulated stone.
The failure is marked in red, located on the sides of the cylindrical specimen, which
corresponds to the cracking mechanisms observed during the experimental tests. Fig-
ure 5.c shows the cracking and crushing points of the material, with a high concentra-
tion of cracks in the upper and lower areas of the specimen. The red points indicate
large cracks, while the green points indicate internal microcracks.
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Fig 5. Failure modes comparison: (a) experimental failure mode (b) numerical failure mode
(c) crack and crushing distribution

4.2 CDP model results

To illustrate the crack location and failure modes obtained by the CDP model, the
variables PEEQ and PEEQT are introduced. These are scalar measures computed
from plastic strain components. A value greater than 0 for PEEQ and PEEQT indi-
cates cracks formation in compression (compressive crushing) and tension (tensile
cracking) respectively. At the point of failure, horizontal cracks were located in the
middle of the specimen due to crushing in compression, combined with vertical
cracks due to tension forces.
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Fig 6. Distribution of (a) PEEQ; and (b) PEEQT
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4.3 Comparison between the two models

Based on the numerical results obtained by both the Concrete Model and CDP, as
well as the experimental test results on stone samples, it was found that the Concrete
Model provides more accurate results for simulating the behavior of stone under com-
pression. The compressive strength obtained by the Concrete model is about 82.20
MPa. Consequently, the value obtained is very close to that obtained experimentally
(81.83 MPa). However, the compressive strength obtained by CDP is about 79.61
MPa, which indicates an underestimation of the compressive strength compared to ex-
perimental tests. Erreur ! Source du renvoi introuvable. shows the stress-strain
curves obtained for the two models in comparison with those obtained experimen-
tally. The ANSYS Concrete Model simulated the elastic phase followed by failure at
a stress of 82.20 MPa. This agrees with experimental results. Furthermore, the defor-
mation observed after fracture in the numerical simulations showed a similar behavior
to that observed in experimental testing, which the CDP model did not capture. Thus,
the Concrete Model in ANSYS is better for simulating the stone of the Triumphal
Arch. The concrete model also showed a stress distribution very close to that ob-
served in experimental tests. In contrast, the CDP model shows a more localized
stress distribution, which does not reflect reality. In conclusion, the CDP model pro-
vides satisfactory results, while the ANSYS concrete model offers more accurate re-
sults to simulate the mechanical behavior of the stones of the Volubilis site

100

— — —EXPERIMENTAL TEST
— .. FEA - ANSYS
§0 =~ ——FEA - ABAQUS 20N

90

Stress (MPa)

0 0,0002 0,0004 0,0006 0,0008 0.001 0,0012
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Fig 7. Experimental and numerical stress-strain curves

5 Conclusion

In this work, a comparative study was carried out between experimental results and
those obtained numerically on a stone sample from the Triumphal Arch at the archaeo-
logical site of Volubilis. Two experimental tests were conducted in the laboratory,
namely the uniaxial compressive strength test and the split tensile test. Both tests
showed that the stone has a high compressive strength of 81.83 MPa and a tensile
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strength of 7.5 MPa. The failure mode was characterized by vertical cracks and splin-
tering. These results were complemented by two numerical simulations using two mod-
eling approaches: the Concrete Model and Concrete Damage Plasticity (CDP) model,
implemented respectively in ANSYS and ABAQUS. The results obtained from these
two models demonstrated different levels of accuracy. The failure mode obtained using
the Concrete Model was very close to that observed experimentally, while the compres-
sive strength predicted by the CDP model showed an underestimation of the experi-
mental value.

In this respect, the results obtained clearly show that the Concrete Model imple-
mented in ANSY'S software provides a better understanding of the mechanical behavior
of the existing stones at the Volubilis archaeological site

Disclosure of Interests. The authors have no competing interests to declare that are relevant to
the content of this article.
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