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The seismic design of buildings erected using new low-carbon construction materials needs the development of a
reliable methodology. In this research, a pilot project of a compressed earth block (CEB) masonry building in a
medium-high seismic hazard zone in Southern France is developed. The CEBs are produced in-situ, using a
machine, and are used as construction material for low-rise masonry buildings. This innovative low-carbon
construction technology permits the reuse of local soil, removed during earthworks, with consequent reduc-
tion of energy consumption related to its collection, transport, recovery, and disposal. Even if the CEB masonry
building is a promising low-carbon construction, its structural performance assessment, especially in seismic
zones, is a challenging issue.

Starting from the experimental characterization of material mechanical parameters, the seismic design
approach focuses on the modal characteristics of the structure, the expected building ductility, and seismic
performance assessment in terms of both displacement and force. The behavior factor for a CEB masonry building
is an original result of this research. The equivalent frame model adopted for structural design of load-bearing
masonry is validated, after the building construction, by comparing the dynamic properties obtained by both
numerical and operational modal analysis. Moreover, the modal analysis highlights the impact of the timber slab
stiffness on the dynamic response of masonry buildings and suggests that a careful timber slab conception im-
proves the structural behavior under seismic loading.

1. Introduction

Intending to achieve low-carbon building construction and sustain-
able development, there is a growing interest in the use of local mate-
rials fabricated from natural resources extracted at (or near) the
construction site. The reuse of geo-sourced materials for building con-
struction [1] derives from ancient techniques (rammed earth, fired and
unfired earth bricks). In particular, compressed earth blocks (CEBs) are a
promising construction material potentially contributing to a more
sustainable building industry [2]. According to Valenzuela et al. [3], the
CEB production process is outlined by three stages: raw material char-
acterization, preparation and manufacturing, and block testing. The
physical and mechanical properties of raw materials and blocks are
performed according to standardized experimental tests. The optimiza-
tion of CEB strength and carbon balance involves the choice of a

stabilizer and its percentage, the water content, and compaction pres-
sure [4-7].

In the framework of this research, an advancement in geo-
construction is obtained using press machines installed in (or near)
the construction site to produce the CEBs, using the soil removed during
the leveling of the construction site. The reuse of local soil removed
during earthworks, as construction material, reduces gas emissions and
energy consumption related to collection, transport, recovery, and
disposal. Even though in-situ produced CEB masonry is a low-carbon
construction technology, the assessment of structural performance,
especially in medium to high seismic hazard zones, poses significant
challenges that could limit their use. First, as the soil physical properties
and water content change for each construction site, the compression
force and the stabilization are deduced as a function of the performance
target in terms of compression strength expected for the CEB, as well as
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of carbon balance. On the other hand, the use of earth masonry as
construction material remains limited by the difficulty of correctly
evaluating the performance of the load-bearing structure under dynamic
action, which can be prohibitive for questions of technical certification
and insurability of a new construction in seismic zones. For example, the
force reduction factor qo [8], is a key parameter to be estimated for the
analysis of the structural response of CEB masonry buildings under
seismic loading, according to design codes [9,10]. It is defined as the
ratio between the maximum base shear force from elastic and
elasto-plastic analysis and represents the structure capacity to dissipate
hysteretic energy. A causal relationship exists between the force
reduction factor and the structure displacement ductility [11,12],
conceptually defined as the ultimate to yield displacement ratio. The
force reduction factor is well-known for classic construction materials
but must be estimated for new geo-sourced materials.

The equivalent frame (EF) approach [13-16] is a modeling technique
accepted in the current version of Eurocode 8 [9] for earthquake design
of load-bearing masonry buildings. It strikes a balance between result
accuracy and computational efficiency in engineering practice. In the EF
model, it is assumed a global box-like behavior of the building and that
out-of-plane failure modes of walls are prevented. The building structure
is composed of deformable wall elements, such as piers and spandrels,
interconnected by rigid nodes. In fact, the observation of damage after
seismic events and experimental campaigns highlights zones between
the resisting elements without significant signs of damage. In this
research, the building model is obtained using the EF approach devel-
oped by Lagomarsino et al. [15]. Piers and spandrels are modeled using
an equivalent beam element having elastic-perfectly plastic (EPP)
behavior [17]. The interaction between shear, bending, and axial force,
in the beam response, is considered according to the definition of
strength domains [15,18-20]. The latter are calibrated using the
strength parameters obtained by compression and shear tests on ma-
sonry triplets. The intersection of the strength domains (bending
moment and shear versus axial force curves) gives information about the
expected in-plane failure mode of the masonry panel (bending-rocking
or shear mechanisms).

The dynamic properties and ductility of masonry buildings are not
only associated with the material mechanical parameters and masonry
wall behavior, but they are strongly influenced by the box-like behavior
of the building, due to the chaining of walls and effective connection
between each slab and walls. In particular, the slab rigidity and its
connection with walls directly affect the dynamic properties and
ductility [21-23]. In particular, Pavanetto et al. [22] identify the
in-plane shear modulus of timber slabs as a key parameter to charac-
terize the slab stiffness and its impact on the building behavior. Ac-
cording to Salvalaggio et al. [21] and Zarzour et al. [23], an increased
in-plane shear modulus of timber slabs leads to global mode shapes with
effective masses concentrated in the first mode shapes, inducing a better
dynamic behavior of the masonry structure.

This research proposes a seismic design methodology integrating the
use of a novel construction material adopted for masonry buildings. In
particular, it is applied for a pilot project of a CEB masonry building. The
building was constructed in 2023 in Southern France, in the historical
center of Charleval (43°43'09.1" N, 5°14'36.7" E) that is a medium-high
seismic hazard zone, identified as 4 in the French seismic hazard
zonation map [24]. The intended use of the building is a health center
and the level of importance is II, according to the Eurocode 8 [9].

The design methodology includes the selected approach for charac-
terizing the mechanical parameters of geo-sourced materials, estimating
the structure displacement ductility capacity and demand, and assessing
the building stability for the combination of dead, live, and seismic load.
The methodology of validation for the three-dimensional (3D) EF model
of the building involves the comparison of dynamic features obtained by
numerical and operational modal analysis [25-27]. In fact, after the
building construction, the structural response to under ambient vibra-
tion is recorded during a measurement campaign using velocity sensors.
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The dynamic features of the building, in terms of natural frequencies and
mode shapes, are obtained by inversion of the recorded structural
response to ambient vibrations using operational modal analysis tools
[28,29].

After validation of the EF model, the building displacement capacity
is recalculated using the calibrated model and performing a pushover
analysis [30]. Then, the building stability is assessed [31] by comparing
the displacement capacity and demand. The displacement demand is
obtained according to the N2 method [32] as proposed by Eurocode 8
[9]. In this research, the stability verification is undertaken also in terms
of load capacity, using the force reduction factor qo, as proposed by
Zarzour et al. [33].

In the pilot project of the CEB masonry building, timber slabs with
timber joists and planks are adopted, as in traditional masonry build-
ings, for structural and environmental performance. After the analysis of
the mode shapes for the CEB masonry building, the impact of a stiffer
timber slab is investigated to correct the effects of plan irregularity in the
structure.

2. Pilot project of a CEB masonry building

The CEB production technology, using the local soil in the con-
struction site, is adopted to build a 3-story masonry building, whose
intended use is a health center. The building has importance class I and
the ground type is classified as B, according to the European categori-
zation [9] characterized by a flat topography. It is located in the city
center of Charleval (43°43'09.1" N, 5°14'36.7" E) in Southern France, in a
medium-high seismic hazard zone, identified as 4 in the French seismic
hazard map [24].

2.1. Geo-sourced construction materials

The geo-sourced construction materials adopted in the analyzed pilot
project are CEB and non-reinforced plum concrete (PC) in which me-
dium and large-sized stones are used as aggregate. The CEBs are fabri-
cated in-situ using the soil removed after leveling and other earthworks
(Fig. 1a). The fine-grained soil is mixed with water. The mixing quan-
tities during the fabrication process are influenced by the soil compo-
sition and water content. Depending on the soil granulometry, coarse
grains can be added to improve the final strength. Moreover, the soil is
cement-stabilized using a quantity of hydraulic binder lower than 8 % of
the soil dry weight to attain a suitable compressive strength. The use of a
press machine (Fig. 1b) allows on one side the achievement of a fixed
block dimension and a target compressive strength and on the other side
the industrialization of the CEB production process. The machine is
placed close to the construction site, where the extracted resources are
stored, strongly reducing the energy consumption and carbon dioxide
emissions related to the soil remotion after earthworks and trans-
portation of construction materials.

The CEB masonry buildings can be constructed only if fine-grained
soil is available at the construction site, characterized by plasticity
properties. It is possible to produce CEB if the soil contains between 10
and 35 % of clay, with clay activity classified as medium (A¢cg < 13). The
clay activity Acp is the methylene blue value [34] divided by the particle
content passing through a 2 pm sieve [35]. Soil classification is deter-
mined through granulometric analysis and a methylene blue test to
evaluate its clay activity, following the French standard [36]. The
average clay content in the used soil is 12.6 %.

Fine-grained soil at the surface of the construction site is used to
fabricate CEBs. Nevertheless, the lack of a sufficient quantity of fine-
grained soil justifies the use of PC for cross-walls. A gravelly soil for
PC is present in deeper layers, but to avoid deeper excavations it is taken
from a close quarry. The granulometry and physical properties of soil
used to produce the CEB and PC in this pilot project are listed in Tables 1
and 2. In CEB, the maximum diameter of soil is restricted to 20 mm to
ensure the material homogeneity and guarantee a good aspect of the
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(a)

(b) (c)

Fig. 1. In-situ produced compressed earth blocks for the pilot project of masonry building in Southern France: (a) earth removed during the leveling of the con-
struction site; (b) press machine used to produce compressed earth blocks; (c) 80 x 40 x 50 cm compressed earth blocks.

Table 1
Sieve analysis and classification of soil.
Geo- Soil type Drax Percent passing GTR
sourced
material 50 2 80 63 2
mm mm Hm pm Hm

(mm) (%) (%) (%) (%) (%)

CEB Sand 33 100 84.0 46.4 46.0 9.7 Al
with silt

PC Gravel 45 100 52.9 14.2 12.8 2.2 B5
with sand

Dpax: maximum diameter; GTR: French GTR soil classification [36].

Table 2

Soil properties.
Geo-sourced  Soil type p w PL LL PI MBV
material (kg/m®) (%) (%) (%)
CEB Sand with silt 2648 12.8 20 24 4 1.14
PC Gravel with sand 2628 4.4 - - - 0.23

p: mass density; w: water content; PL: plastic limit; LL: liquid limit; PI: plasticity
index; MBV: methylene blue value.

block. In PC, the maximum diameter of stone aggregate is 300 mm. A
Portland-limestone cement classified as CEM II/B-LL 32.5R according to
the European standard [37] is adopted.

The in-situ produced CEB (Fig. 2a) is 80 cm long, 40 cm high, and

50 cm thick. The CEBs undergo 28-day curing before their use on the
construction site, including 14 days of wet curing under cover imme-
diately after fabrication and 14 days of drying protected from the
weather. This curing allows the hydraulic uptake of the stabilizing
binder and the gradual evaporation of excess water.

The PC (Fig. 2b) is produced in-situ by mixing the stones with sand
and cement, using a mixer. A different cement dosage is used for cross-
walls (190 kg /m®) and for the beams where tie rods are incorporated
(355 kg /m®), expressing the cement dosage as the mass of cement per
cubic meter of concrete. According to European standard [38] the water
dosage is carefully calibrated to maintain a water-to-cement mass ratio
lower than 0.6 for beams and 1 for cross-walls.

CEBs are cut with a water-blade saw to obtain the specimens for
laboratory tests. The mechanical parameters of CEB and PC are obtained
by the following standardized experimental tests: twelve compression
tests are performed according to the European standard [39] on 20 x
20 x 40 cm CEB specimens and five compression tests are carried out

Table 3
Mechanical parameters of the compressed earth blocks (CEB) and plum concrete
(PC) determined from laboratory tests.

CEB PC
Mass density p (kg/m®) 1990 2100
Elastic modulus E (MPa) 1230 14800
Average compressive strength f (MPa) 6.0 8.0
Pure shear strength fro (MPa) 0.1 -
Friction coefficient tan ¢ 0.9 -
Average tensile strength fi (MPa) - 0.95

(a)

(b) ()

Fig. 2. (a) 80 x 40 x 50 cm compressed earth block; (b) plum concrete; (c) compressed earth block masonry walls.
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[40] on 16 x 32 cm cylindrical PC samples, to obtain the compressive
strength f and the elastic modulus E (Table 3). Moreover, six splitting
tensile tests [41] are performed on cylindrical PC samples to estimate
the average tensile strength f, (Table 3). The ready-to-use mortar
selected for the CEB masonry walls has average compressive strength
fmo = 6.5MPa. Nine standardized shear tests on the block-mortar
interface (NF EN 1052-3/A1) are realized and also ten
non-standardized shear tests on 45° inclined couplets are carried out; the
shear strength in pure shear f,,, and friction coefficient tan ¢ are deduced
by linear regression of all the results (Table 3). Both horizontal and
vertical joints in the CEB masonry walls are 10 mm thick (Fig. 2c).
The mechanical parameters of masonry, defined as a homogenized
material, are necessary for the building model calibration. In this
research, considering the regularity of CEB masonry (Fig. 2c), the me-
chanical parameters of masonry (Table 4) are obtained according to the
Eurocode 6 [42]. The compressive strength of masonry is estimated

using the homogenization formula f,, = 0.45 f27 f23, where the adopted

normalized strength of CEBisf, = 1.25 f = 7.5 MPa and f,,, = 6.5 MPa,
the masonry elastic modulus in compression is E = 1000 f,;, and the
shear modulus is G = 0.4 E. The pure shear strength for the PC is
adopted equal to the tensile strength obtained by the splitting test. Ac-
cording to Eurocode 6 [42], the friction coefficient tan ¢ = 0.4 is
assumed for both materials and the tensile strength in shear is limited to

fy1im = 0.065 f;, for CEB and f, i, = 0.065 f for PC.

2.2. Building structure

In this pilot project of a 3-story CEB masonry building (Fig. 3a) in a
seismic zone, CEBs are used for the facades (Fig. 3b and c) and PC is used
for the foundation, basement walls, cross-walls (Fig. 3d), and beams
where tie rods are incorporated. The connection between CEB walls is
achieved through wall interlocking (Fig. 3c). Moreover, timber joists
and planks are adopted for slabs and the roof. The vertical and hori-
zontal sections of the pilot building are shown in Figs. 4 and 5, respec-
tively. All CEB masonry and PC walls in Fig. 5 are bearing walls carrying
both vertical and horizontal loads. The wall of the facade is 50 cm thick
(see Fig. 5) to improve the building response to horizontal loads. The
non-reinforced PC cross-walls are 38 cm or 40 c¢m thick. The connection
between PC and CEB walls is realized using vertical tie rods placed at the
extremity of PC walls and anchored hooks embedded in the horizontal
mortar joints, whose spacing is equal to the height of CEB. The reser-
vation in the PC wall is then cast.

Timber slabs with timber joists and planks are adopted, as in tradi-
tional masonry buildings. Such flexible slab is preferred according to the
observations of Binda et al. [43], showing that the use of stiffer rein-
forced slabs, such as rib-and-block concrete slabs with tie beams inserted
into the wall thickness, does not represent a more efficient solution
because they do not prevent the out-of-plane collapse of the masonry.

In the construction plans in Fig. 5, the direction of timber joists is
indicated using two different symbols to distinguish the (hidden) OSB
slab in Fig. 6a and the (visible) interlocked board slab in Fig. 6b. The
one-way timber slab in Fig. 6a is composed of timber joists and oriented
strand board (OSB) plank and it is hidden from the view of users. The

Table 4
Mechanical parameters of the CEB masonry and plum concrete (PC) used in the
equivalent frame model of the building.

CEB masonry PC
Mass density p (kg/m®) 1990 2100
Elastic modulus E (MPa) 3230 14800
Shear modulus G (MPa) 1292 5920
Average compressive strength fm (MPa) 3.23 8.0
Pure shear strength fro (MPa) 0.1 0.95
Friction coefficient tan ¢ 0.4 0.4
Tensile strength in shear fviim (MPa) 0.5 0.5
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visible slab in Fig. 6b consists of joists and good-looking interlocked thin
boards before the superposition of an uncoupled OSB. GL24h is the
strength class [44] of wood used for the joists and interlocked boards.
The mechanical parameters of wood and OSB [45] used to estimate the
mechanical parameters of slabs are given in Table 5.

The timber slabs are connected to the PC cross-walls, incorporating
steel anchors (Fig. 6¢), through the casting of a PC beam. A horizontal tie
rod (Fig. 6¢) is also embedded in these PC beams, at the slab level, to
connect the PC cross-wall to the facade, preventing out-of-plane failures
and ensuring a global box-like behavior of the building during seismic
loading.

2.3. 3D equivalent frame model of the CEB masonry building

The EF model of the masonry building, presented in Fig. 7, is
developed using the 3Muri software by S.T.A. DATA (Release 13.9.0.1).
The model assumes a rigid connection between walls and between slab
and wall, presuming a global box-like behavior. The hypothesis of pre-
vented out-of-plane wall failure is guaranteed by the high thickness of
CEB [46,47] which is equal to 50 cm. In the framework of the EF
approach, the in-plane behavior of piers and spandrels is modeled using
a nonlinear beam element [15] with an EPP behavior. The plateau in the
bilinear response of piers and spandrels is defined as the minimum
strength obtained by the coupling of strength domains related to
in-plane failure modes, such as bending-rocking, sliding shear, and block
cracking in tension. The foundation is assumed as a fixed base. In the 3D
numerical model, the arched openings in the longitudinal facade and
cross-walls are assumed as rectangular openings limited by spandrels.

The timber roof is assumed as non-structural, whereas the slabs are

modeled as structural components. The elastic modulus in compression
in the main orthotropy direction of the slab is deduced as E; =
(Ew Aj) /(i tegr) + Ep, where i is the joist spacing, A; is the joist cross-
sectional area, and t.y is the diaphragm effective thickness. E,, and E,
are the elastic moduli in compression of wood joists and plank, respec-
tively. In the case of the OSB plank, E, is assumed equal to the OSB
elastic modulus Epgg and the shear modulus of the slab G, is assumed
equal to the OSB shear modulus Gogp. In the case of interlocked wood
board plank, E, is equal to the elastic modulus of wood. Whereas, the
shear modulus G5 of the slab with interlocked thin boards is not well-
known and it is obtained by calibration, as explained in Section 3. In
the secondary orthotropy direction, the elastic modulus E is set to zero
due to the absence of joists.

3. Validation of the CEB masonry building model

The methodology selected for the validation of the 3D equivalent
frame model of the building involves the comparison of dynamic fea-
tures of the building estimated by numerical and operational modal
analysis. In fact, the inversion of the recorded structural response to
ambient vibrations provides the building natural frequencies and mode
shapes that are compared with those estimated by the direct (numerical)
analysis. During the measurement campaign, six Guralp CMG40T ve-
locity sensors are installed inside the building at each set-up. The ve-
locity time histories are synchronized by connecting the six velocity
sensors to a CityShark digitizer. The structure motion in terms of ve-
locity time history is recorded for a duration of 30 min, using a sampling
frequency of 200 Hz.

3.1. Natural frequencies and timber slab stiffness calibration

The Frequency Domain Decomposition technique [28,29] is the
operational modal analysis tool adopted to identify the first natural
frequencies and related mode shapes of the structure. All calculations
are carried out using the MACity code [48]. The first six singular value
spectra of the cross power spectral density matrix, displayed in Fig. 8a,
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Fig. 3. Pictures of the pilot project: (a) 3-story compressed earth block (CEB) masonry building; (b) building facade composed of CEB masonry walls and plum
concrete arcs (lighter color); (c) interlocking masonry walls; (d) non-reinforced plum concrete cross-walls.
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Fig. 4. Vertical section of the CEB masonry building.

are obtained using all the recorded signal components. The first natural
frequencies, defined by peak picking from the first singular value
spectrum, are f; = 10.1 Hz, f, = 12.5 Hz and f4; = 14.3 Hz. The third
natural frequency f3 = 12.8 Hz, related to the longitudinal mode, is
hidden in the singular value spectra in Fig. 8a. It is detected by peak
picking from the singular value spectra obtained using only the longi-
tudinal component of motion of each sensor (Fig. 8b). According to the
random decrement technique (Cole 1973), low-strain structural

damping is estimated in the range [1.7 —2.1 %] for the first four modes
and then, a damping ratio { = 2 % is adopted in the numerical model.

First, the geometry of the building (Fig. 7a) is reproduced according
to construction plans and then, the dimensions are checked in-situ for
the validation of the EF model. Since the building is unoccupied and
without non-structural elements (partition walls, doors, lift, grids)
during the measurement campaign, the uncertainty is not related to the
live load that is assumed zero in the EF model. If the mechanical pa-
rameters in Table 4 are used for CEB masonry and PC and those in
Table 5 for timber slabs, the building fundamental frequency matches
with the result of operational modal analysis, but important discrep-
ancies are obtained for the higher natural frequencies. In this first
attempt, the shear modulus of interlocked board slabs (Fig. 6b) is
assumed equal to the modulus of wood G132 = 720 MPa.

If the elastic mechanical parameters of walls are modified, the match
of fundamental frequency is lost. Since the first, second, and fourth
modes are localized translations, the uncertainty does not seem related
to the elastic moduli of the walls. The uncertainty is more related to the
rigidity of diaphragms.

Finally, the key parameter permitting to match the first four natural
frequencies (Table 6) and their corresponding mode shapes is the shear
modulus G2 of slabs with interlocked thin boards (Fig. 6b). After the
calibration of the timber slab stiffness, by setting Gi2 = 500 MPa,
negligible errors are obtained for the first four natural frequencies
(Table 6). The rigidity of the visible slab is diminished by the disconti-
nuity of interlocked thin boards (Fig. 6b). In conclusion, the mechanical
parameters of CEB and PC walls, adopted in the building model, appear
reliable.

3.2. Mode shapes

The first four mode shapes obtained through operational and nu-
merical modal analysis (Fig. 9) are compared and the modal assurance
criterion MAC [49] is calculated (Table 6).
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Fig. 5. Horizontal section of the first (a) and second (b) level of the CEB masonry building. The direction of the timber joists is indicated. All dimensions are in

centimeters.

According to the results, the EF model is considered fully validated
by the measurements. The first, second, and fourth mode shapes are
characterized by a partial movement of the building in the transversal
y-direction (according to the coordinate system in Fig. 5). This effect is a
consequence of the high aspect ratio (almost four) and timber slab
flexibility. The third one corresponds to a translational mode in the
longitudinal x-direction. The gap in terms of natural frequency for the
first translational mode shape in each direction (modes shapes 1 and 3)
suggests a difference in terms of global inertia in the two orthogonal
directions and a consequent plan irregularity. The high building aspect

ratio (almost four) and timber slab flexibility induce these three mode
shapes (1, 2 and 4) with a partial movement of the building in trans-
versal y-direction.

4. Ductility estimation and stability verification

A pushover analysis [30] is performed using the 3D numerical
model, in which a quasi-static horizontal load is incrementally applied
until the building reaches the collapse. The uniform and modal load
distributions are applied along the building height, according to
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Fig. 6. Timber slabs: (a) oriented strand board (OSB) and joists; (b) good-looking interlocked thin boards and joists; (c) connection between a plum concrete wall and

timber slabs before casting of the beam.

Table 5
Mechanical parameters of wood and oriented strand board (OSB).
Wood 0SB
Mass density p (kg /m3) 400 600
Elastic modulus E (MPa) 11600 3800
Shear modulus G (MPa) 720 1080
Compressive strength fm (MPa) 34 15.9

Eurocode 8 [9]. The adopted multimodal distribution is proportional to
the structure deformation in a linear elastic regime (obtained by
combining the modes involving a cumulative effective mass not lower
than 90 % of the building mass). The uniform distribution is propor-
tional to the horizontal acceleration profile with height, assumed con-
stant as in a plastic phase.

As discussed in Section 3.2, the first, second, and fourth mode shapes
(Fig. 9) are characterized by a partial movement of the building in
y-direction (coordinate system in Fig. 5). For this reason, the unimodal
load distribution (proportional to the structure deformation of only one
mode shape) is discarded for the pushover analysis.

The pushover curve of the 3D building represents the relation be-
tween the base shear force and the top floor displacement. In particular,
the average top displacement weighted on nodal masses is considered
[17]. The pushover analysis is carried out by imposing the horizontal
load in the longitudinal and transversal direction of the building
(£ x, £y) and an eventual accidental mass eccentricity in each direction
(0, £5%). Twelve analyses are performed for the two load distributions
(24 analyses in total).

The ultimate top floor displacement U, in the pushover curve is
selected as the lower value between the displacement at which a 20 %
strength decay occurs after the peak strength and the displacement at
the failure of the first pier element. It is assumed that the pier failure is
reached when the drift exceeds the threshold of 0.4 % in shear and 0.8 %
in bending, as defined in the Eurocode 8 [31] for the severe damage limit
state.

The force reduction factor qq is calculated using the methodology
proposed by Zarzour et al. [33]. Accordingly, the pushover curves (F, U)
associated with the 3D building model are converted into capacity
curves (f,u) related to an equivalent SDOF system, by dividing both
quantities by the modal participation factor I' [32]. This reduces the
computational cost for the behavior factor estimation., The ductility
capacity is estimated as the ultimate to yield displacement ratio p, =
uy /uy, where the yield displacement is taken at the intersection between
the linear elastic and the perfect plastic phases, after the bilinear
idealization of the capacity curve [50]. On the other side, a relation
(M, qo) between ductility demand and force reduction factor is numeri-
cally obtained, considering the dynamic properties (natural period and
damping ratio) and hysteretic behavior of the equivalent SDOF system.
The force reduction factor qo is deduced from the (p,qo) curve

corresponding to the ductility capacity p,. The interested reader can
refer to Zarzour et al. [33] for more details.

The stability verification is performed by ensuring that the building
capacity is higher than the seismic demand. First, the displacement
demand U, has to not exceed the ultimate displacement U,, related to the
near collapse limit state [31]. According to the N2 method [32], as
proposed by the Eurocode 8 [9], the displacement demand U, is deter-
mined as

U =Tu,
U =Tu

To > T¢
Ty < Tc and fy/m > S,(To)

Uy =Tt/qu(l+(qu—1) Te/To) > 1. To<Tc and fy/m<Se(To)

(€]
where
U =8.(To) (To/(2))* @
and
qu=mo Se(To) / £, @

Se(To) is the elastic acceleration response spectrum for an equivalent
SDOF system having fundamental period Ty and mass m,. The transi-
tional period T is the corner period between the constant acceleration
and constant velocity part of the response spectrum. The load ratio gy, is
defined as the target load for an equivalent SDOF system having un-
limited elastic behavior, normalized with respect to the yield force f, of
the equivalent SDOF system which represents the plateau in the EPP
capacity curve.

The verification in terms of displacement is strongly dependent on
the accuracy of the numerical procedure to determine the ultimate
displacement U,. For this reason, the stability verification is performed
also in terms of base shear force. The Italian code [51] imposes a limit of
4 for the load ratio g, at the near collapse limit state. Moreover, ac-
cording to Ref. [33], the load ratio gy, related to the base shear force
demand, has to not exceed the force reduction factor g, of the building,
associated with the building strength capacity and obtained from its
relation with the building ductility capacity p,.

4.1. Pushover analysis

After the validation of the EF model, additional non-structural dead
loads have been considered for the stability verification of the building:
210 kg/m? for the first floor, 51 kg/m? for the second floor, and
42 kg/m? for the timber roof. Moreover, the live load is fixed according
to the European standard [52]: 250 kg/m? for the first floor, 50 kg/m?
for the second floor and 50 kg/m? for the roof. Dead and live loads are
combined with the horizontal seismic load according to the Eurocode 8
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Fig. 7. Numerical model of the masonry building: (a) geometry; (b) 3D equivalent frame model; facades in (c) longitudinal direction and (d) transversal direction.
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Fig. 8. Singular value (SV) spectra: (a) transversal mode shapes; (b) longitudinal mode shape. The building natural frequencies obtained by peak picking are
indicated by the vertical lines.

[9] considering the factors ¢ and s, for the live load. The coefficient ¢ = the building intended use.

0.8 is fixed for the first floor and ¢ =1 for the second floor and roof, The pushover curves for the 24 analyses are presented in Fig. 10, in
depending on the floor occupancy. The coefficient y, = 0.3 is taken for which a thick red point represents the first significant yield. For each
the first floor and y, = 0.8 for the second floor and roof, depending on analysis, the over-strength ratio (OSR) is calculated as the ratio between
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Table 6

Comparison of numerical (NMA) and operational (OMA) modal analysis: natural
frequencies, error in the estimation of natural frequencies considering the OMA
as a reference and modal assurance criterion (MAC).

Mode 1 Mode 2 Mode 3 Mode 4
NMA: frequency (Hz) 9.9 125 13.3 13.8
OMA: frequency (Hz) 10.1 12.5 12.8 14.3
Error (%) 2 <1 4 3
MAC (%) 90.5 70.6 62.9 29.2

S

(d)

Soil Dynamics and Earthquake Engineering 187 (2024) 108990

fy (the plateau in the corresponding bilinear curve) and f,; (the base
shear associated with the thick point in Fig. 10). The behavior factor q is
defined as the product of the force reduction factor go and the over-
strength ratio OSR.

The overall resistance of this building is not significantly affected by
the accidental eccentricity. In fact, in particular for the uniform load
distribution, the results obtained for the three accidental eccentricity
levels (0,+5%) are similar.

The response of the building is affected by the loading direction ( £),
in both strength and ductility. In fact, the direction of load leads to a
variation in axial load and a consequent change in the dominant failure

ERER!

Fig. 9. Three-dimensional representation of the (a) first, (b) second, (c) third, and (d) four mode shapes of the analyzed CEB masonry building, obtained by

operational (left) and numerical (right) modal analysis.
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Fig. 10. Pushover curves for (a) uniform and (b) multimodal load distribution, obtained for load directions + x (left) and +y (right), and for three accidental ec-
centricity levels (0, +5%). The first significant yield point is highlighted in each pushover curve by a circle.

mode occurring in each panel [15], affecting the location of the first pier
failing and the consequent building failure. Comparing the ductility for
both load directions, the ductility in the transversal y-direction is less
than in the longitudinal x-direction, for the multimodal load distribu-
tion. This difference is less evident for the uniform load distribution.

4.2. Force reduction factor and stability verification

The force reduction factor g, estimated from the 24 capacity curves
is presented in Tables 7-8. The fundamental period Ty, mass my and
participation factor I of the equivalent SDOF system, as well as the yield
base shear f,, ductility capacity j, and overstrength ratio OSR obtained
from its capacity curve, are listed for each load combination. The min-
imum behavior factor q for the set of 6 load combinations, in each load
direction, is indicated in bold type character. The minimum behavior
factors are observed for the x-direction of loading (¢ = 2.4) in the case of
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uniform load distribution (Table 7) and for the y-direction (g=2.1) in
the case of multimodal distribution (Table 8). The force reduction and
behavior factor for a CEB masonry building are an original result of this
research. Additional studies are necessary to confirm a convenient range
of values for this construction typology.

The displacement demand U; (performance point) of the CEB ma-
sonry building is estimated using Eq. (1), where the estimated damping
ratio is { = 2 % for the CEB masonry building (Section 3.1). Moreover,
according to French provisions [53], the response spectrum parameters
are the design ground acceleration g = 1.6 m/s? (seismic zone 4 and
importance class II), soil factor S = 1.35 (ground type B), and corner
periods Tg =0.05s, Tc =0.25s and Tp = 2.5s. In Tables 9-10, the
displacement demand U; (performance point) of the CEB masonry
building is compared with the ultimate displacement U, for the 24 an-
alyses. The building capacity U, surpasses the seismic demand U; by a
factor at least equal to 2.2 in all cases.
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Table 7

Behavior factor for the CEB masonry building (uniform load distribution).
Load distribution Load combination To [s] mo [kgl r fy [daN] Ho OSR Qo q
Uniform +x 0.1403 535253 1.09 227789 4.8 1.1 2.6 2.7
Uniform +x+e 0.1324 535253 1.09 227158 5.6 1.1 2.7 2.9
Uniform +x-e 0.1484 535253 1.09 227729 4.2 1.0 2.4 2.4
Uniform -X 0.1212 535253 1.09 139336 8.0 1.0 3.3 3.3
Uniform xX+e 0.1145 535253 1.09 140382 8.8 1.0 3.4 3.4
Uniform -x-e 0.1276 535253 1.09 140147 7.0 1.1 3.1 3.3
Uniform +y 0.0785 406589 0.76 311206 4.1 1.3 1.9 2.5
Uniform +y +e 0.0787 406589 0.76 354119 10.6 1.3 3.3 4.2
Uniform +y-e 0.0805 406589 0.76 283177 4.8 1.3 2.1 2.8
Uniform -y 0.0742 406589 0.76 360031 10.1 1.3 3.1 4.1
Uniform y+e 0.0728 406589 0.76 324766 6.1 1.2 2.4 2.8
Uniform -y-e 0.0792 406589 0.76 339270 6.1 1.4 2.4 3.4

T, fundamental period, mo mass, I participation factor, f, yield base shear, i, ductility capacity, OSR overstrength ratio, qo force reduction factor, q behavior factor.

Table 8

Behavior factor for the CEB masonry building (multimodal load distribution).
Load distribution Load combination To [s] mo [kgl r fy [daN] Ho OSR o q
Multimodal +x 0.1416 535253 1.09 210561 6.6 1.1 3.1 3.6
Multimodal +x+e 0.1432 535253 1.09 211075 6.4 1.2 3.1 3.6
Multimodal +x-e 0.1407 535253 1.09 210843 6.3 1.1 3.0 3.4
Multimodal -X 0.1120 535253 1.09 133711 10.7 1.0 3.7 3.7
Multimodal X+e 0.1071 535253 1.09 132956 11.8 1.0 3.9 3.9
Multimodal -x-€e 0.1108 535253 1.09 134183 10.5 1.0 3.7 3.7
Multimodal +y 0.0870 406589 0.76 209454 2.9 1.3 1.6 2.1
Multimodal +y +e 0.0877 406589 0.76 210858 3.0 1.3 1.6 2.1
Multimodal +y-e 0.0863 406589 0.76 209691 3.0 1.3 1.6 2.1
Multimodal -y 0.1000 406589 0.76 205194 2.8 1.4 1.6 2.2
Multimodal y+te 0.0992 406589 0.76 202111 2.9 1.4 1.6 2.2
Multimodal -y-e 0.1002 406589 0.76 207582 2.7 1.4 1.5 2.1

T, fundamental period, mo mass, I participation factor, f, yield base shear, i, ductility capacity, OSR overstrength ratio, qo force reduction factor, q behavior factor.

Table 9
Building capacity and seismic demand at the near collapse limit state (uniform
load distribution).

Table 10
Building capacity and seismic demand at the near collapse limit state (multi-
modal load distribution).

Load Load U, Uy U, /Ur qu o Load Load U, U, U, /Ur Qu o
distribution combination [em] [em] distribution combination [em] [em]

Uniform +x 0.34 1.12 3.34 1.27 26 Multimodal +x 0.36 1.44 3.96 1.37 31
Uniform +x+e 0.32 1.16 3.68 1.27 27 Multimodal +x+e 0.36 1.42 3.95 1.37 31
Uniform +x-e 0.37 1.08 291 1.27 24 Multimodal +x-e 0.36 1.36 3.76 1.37 3.0
Uniform -X 0.34 0.85 2.52 2.07 33 Multimodal -x 0.31 0.93 3.04 216 3.7
Uniform X+e 0.31 0.84 2.74 2.05 34 Multimodal xX+e 0.30 0.93 3.05 217 39
Uniform -x-e 0.37 0.81 2.21 2.06 3.1 Multimodal -x-e 0.31 0.89 2.85 215 3.7
Uniform +y 0.07 0.37 5.46 0.69 1.9 Multimodal +y 0.09 0.22 2.37 1.00 1.6
Uniform +y+e 0.06 1.10 17.23 062 3.3 Multimodal +y +e 0.10 0.23 2.34 1.00 1.6
Uniform +y-e 0.08 0.42 5.54 076 2.1 Multimodal +y-e 0.09 0.22 2.40 1.00 1.6
Uniform -y 0.06 0.94 17.11 0.61 3.1 Multimodal -y 0.12 0.27 2.33 1.07 1.6
Uniform y+e 0.05 0.50 9.31 0.67 2.4 Multimodal y+e 0.12 0.27 2.34 1.08 1.6
Uniform -y-e 0.07 0.61 9.25 0.65 2.4 Multimodal -y-e 0.11 0.27 2.36 1.06 1.5

U, target displacement, U, ultimate displacement, g, load ratio, qo force
reduction factor.

5. Effects of the timber slab stiffness

Even if the seismic performance of the building is verified in terms of
displacement and load capacity (Tables 9-10), the modal analysis shows
the partial movement of the building in the first translational mode
shapes (Fig. 9) and different inertia in the two orthogonal directions
(gap in the first natural frequency for each direction, in Table 6). The
lack of a dominant translational mode in y-direction, as deduced by the
scattered effective mass associated with the mode shapes (Table 11), is a

11

U, target displacement, U, ultimate displacement, g, load ratio, qo force
reduction factor.

consequence of the high aspect ratio (almost four) and timber slab
flexibility. Therefore, the impact of the in-plane stiffness of timber slab
on the dynamic response of this pilot CEB masonry building is
investigated.

In this research, two levels of diaphragm flexibility are compared: (a)
the one-way timber floor (1W-TF) used in this pilot project (Fig. 6), and
(b) a two-way reinforced timber floor (2W-RTF). The elastic mechanical
parameters of the timber slab (1W-TF) are discussed in Sections 2.3 and
3.1. In the case of 2W-RTF, a 5 cm thick reinforced concrete topping is
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Table 11
Dynamic properties for different timber floor stiffness: one-way timber floor
(1W-TF) and two-way reinforced timber floor (2W-RTF).

1W-TF 2W-RTF
Mode T (s) f my my, T (s) f my my,
(Hz) (%) (%) (Hz) (%) (%)
1 0.1014 9.9 0 16 0.0685 14.6 83 0
2 0.0800 12.5 3 7 0.0645 15.5 4 28
3 0.0751 13.3 57 0 0.0425 23.5 1 46
4 0.0724  13.8 4 0 0.0397 25.2 1 1
5 0.0588 17.0 6 1 0.0379  26.4 0 5
6 0.0563 17.8 0 7 0.0319 31.3 3 0
7 0.0532 18.8 0 7 0.0285  35.1 4 0

T: natural period; f: frequency; m,, m,: effective mass in x- and y-direction.

Soil Dynamics and Earthquake Engineering 187 (2024) 108990

added to increase the stiffness. The concrete class is C25/30 according to
Eurocode 2 (EC2, [54]). The shear modulus G;» and the elastic modulus
in compression E; in the secondary orthotropy direction are imposed
equal to the elastic moduli of concrete G, and E,, respectively. In the
main orthotropy direction, the equivalent elastic modulus in compres-
sion E; is determined by considering the presence of timber joists and
reinforced planking as (E, Aj) /(itys) + E., where E, is the elastic
modulus of the wood, E, is the elastic modulus of the concrete, A; is the
joist cross-sectional area, i is the joist spacing and t.y is the effective
thickness of the diaphragm.

5.1. Modal analysis

The numerical modal analysis using the 3D EF model in Fig. 7 pro-
vides the results listed in Table 11, for the two timber slab
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Fig. 11. Pushover curves for (a) uniform and (b) multimodal load distribution, obtained for load directions + x and +y, and for different timber floor stiffness: (1W-

TF) one-way timber floor; (2W-RTF) two-way reinforced timber floor.
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configurations. As expected, the natural frequencies increase with the
diaphragm stiffness. In addition, the effective mass is much more scat-
tered in multiple non-dominant translational modes for the 1W-TF
configuration. Whereas, increasing the diaphragm stiffness leads to a
concentration of the effective mass in the first translational modes (83 %
for x-direction; 28 % and 46 % for y-direction). In fact, the effective mass
related to the first translational modes increases with the diaphragm
stiffness.

In this CEB building having a high length to width ratio, the use of a
5 cm thick concrete topping in the timber slab provides enough coupling
to obtain a dominant translational mode shape in the longitudinal
x-direction and to concentrate the effective mass in two translational
mode shapes in the transversal y-direction (see coordinate system in
Fig. 5).

5.2. Ductility capacity

The pushover curves obtained, for the same load combinations and
distributions discussed in Section 4, are presented in Fig. 11 for the two
timber floor configurations. The elastic stiffness of the structure (initial
slope of the pushover curve) increases with the diaphragm stiffness, as
well as the building strength and ductility for most of the load combi-
nations. In particular, the strength and ductility increase is more evident
in the weakest building direction (transversal y-direction). The ultimate
to target displacement ratio increases with the timber floor stiffness for
almost all the load combinations or at least it remains at the same level
(Table 12).

The color map of damage level in the pilot CEB masonry building at
the ultimate displacement is presented in Fig. 12, in the case of uniform
load distribution in + x-direction. Comparing the damage level in the
vertical structural elements of the building, the structure with the stiffer
timber floor (2W-RTF in Fig. 12b) achieves a more uniform distribution
of forces among the wall elements in both directions, involving also
walls orthogonal to the loading direction. This redistribution of forces
among the vertical wall elements, associated with the increasing stiff-
ness of timber slabs, is coherent with the results discussed by Salvalaggio
et al. [21] and Zarzour et al. [23]. This suggests that a timber slab
reinforced by a stiffer topping represents a good technology for masonry
buildings in seismic zones, compensating for some effects of the irreg-
ularity in plan. The in-plane stiffness of the timber slab can be increased
by a reinforced concrete topping or also by steel connectors.

Table 12
Building ductility in the case of uniform and multimodal load distribution, for
different timber floor stiffness.

Uniform load distribution Multimodal load distribution

Load 1W-TF 2W-RTF 1W-TF 2W-RTF

combination Ho Ho DR Ho Ho DR
+x 4.8 11.6 2.4 6.6 10.0 1.5
+x+e 5.6 11.5 2.0 6.4 10.0 1.6
+x-e 4.2 11.8 2.8 6.3 10.2 1.6
-X 8.0 19.7 2.4 10.7 11.0 1.0
xX+e 8.8 19.5 2.2 11.8 11.0 0.9
-x-e 7.0 19.9 2.9 10.5 11.0 11
+y 4.1 20.5 5.0 2.9 26.5 9.0
+y+e 10.6 19.5 1.8 3.0 8.2 2.7
+y-e 4.8 23.4 4.8 3.0 12.9 4.3
-y 10.1 15.7 1.6 2.8 16.0 5.7
y+e 6.1 11.9 1.9 2.9 12.9 4.5
-y-e 6.1 13.6 2.2 2.7 14.8 5.4

1W-TF: one-way timber floor; 2W-RTF: two-way reinforced timber floor; yg:
building ductility; DR: 2W-RTF to 1W-TF ductility ratio.
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6. Conclusion

Compressed earth block (CEB) fabrication in construction sites
where fine-grained soil is present allows the reuse of local soil, removed
during earthworks, and reduces energy consumption related to its
collection, transport, recovery, and disposal. In this context, CEB ma-
sonry allows a low-carbon construction technology for low-rise build-
ings. This paper discusses the methodology developed for the seismic
design of a pilot project of CEB masonry building, in a medium-high
seismic hazard zone in Southern France. After the mechanical charac-
terization of construction materials using standardized laboratory tests,
the building dynamic properties (natural frequencies, mode shapes, and
ductility capacity) are estimated numerically according to the equiva-
lent frame model, with macro-elements representing the wall panels.
Considering the regularity of masonry, the mechanical parameters of
CEB masonry are obtained using the homogenization relationships
proposed by the European building code. Then, the seismic performance
is verified. In particular, the estimation of the force reduction factor, as
well as the stability verification in terms of load capacity, are performed
using a procedure developed by the authors. The numerical procedure
was previously tested for an existing building and, in this research, it is
applied for the first time for the seismic design of a new CEB masonry
building. The force reduction and behavior factor for a CEB masonry
building are an original result of this research. The obtained values
represent a reference for further CEB masonry buildings, even if addi-
tional studies are necessary to confirm a convenient range of values for
this construction typology.

The structural response to ambient vibration is recorded during a
measurement campaign so that the three-dimensional building model is
validated by comparing the dynamic features obtained through nu-
merical and operational modal analysis (natural frequencies and mode
shapes). This model validation methodology highlights the impact of
timber slab stiffness on the dynamic response of the CEB masonry
building. After calibration of the timber slab stiffness, negligible dis-
crepancies are obtained for the first four natural frequencies, and the
mode shapes are accurately reproduced. Consequently, the elastic me-
chanical parameters of CEB masonry and plum concrete are validated.

The analysis of mode shapes and effective masses suggests the
improvement of the building conception to obtain global mode shapes
with effective masses concentrated in few mode shapes, inducing a
better dynamic behavior of the CEB masonry building. Increasing the
diaphragm stiffness (maintaining the same wall configuration) improves
the building ductility and load-bearing capacity. In particular, a timber
floor reinforced by a stiffer topping provides sufficient wall coupling,
compensating plan irregularities.

The adopted model validation methodology, using the structural
response to ambient motion, allows the corroboration of elastic prop-
erties. Further research is foreseen to perform experimental cyclic
pushover tests on wall scale specimens to get more accurate results
concerning the masonry plastic behavior, in particular in terms of
ductility, friction angle, and drift capacity of piers.

Data and resources

In this research, the 3D masonry building model is developed using
3Muri software by S.T.A DATA (Release 13.9.0.1). The measurement
campaign for the modal identification of the building is performed by
the Repsody team of CEREMA. The experimental results of laboratory
tests on materials (compression tests on compressed earth block speci-
mens, shear tests on block-mortar interface, and compression and shear
tests on plum concrete cylindrical specimens) provided by FILIATER
company, are carried out by the Laboratoire de Génie Civil et Batiment
(LGCB/LTDS) of the Ecole Nationale des Travaux Publics de 1'Etat
(ENTPE) in Lyon (France).
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(a) 1W-TF
F=2509 KN, Uu=1.12 cm

M Undamaged

_| Bending damage

| Shear damage [ Incipient shear failure
M Uncompressed

(b) 2W-RTF

F=2707 KN, Us=1.25 cm

Fig. 12. Colormap of the damage level in the geo-sourced element for uniform load distribution and load direction + x, at the ultimate displacement: (a) one-way
timber floor; (b) two-way reinforced timber floor. The attained base shear force F and ultimate displacement U, are indicated.
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