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Abstract. The widespread use of earthen buildings can be accredited to the local
availability of the raw material, sustainability of the building process, and low cost.
Earthen structures suffer from high seismic vulnerability, resulting from the low
strength of the material, high mass, and lack of engineering approaches in design
and building. Despite the extensive use of rammed earth structures, the structural
behaviour of such buildings is still not well known, particularly concerning the
in-plane and out-of-plane response under cyclic loads. Moreover, proper strength-
ening solutions are still required to reduce seismic vulnerability. In this context, an
experimental program was conducted on the in-plane and out-of-plane cyclic per-
formance of rammed earth structural sub-assemblies. The prototypes, after being
damaged, were strengthened by employing a TRM-based solution and subjected
to further testing. The experimental results are reported and discussed in terms
of cracking pattern and peak base shear coefficient. Finally, the effectiveness of
the proposed strengthening solution was evaluated against the performance of the
unstrengthened mockups. The outcomes highlighted the effectiveness of the TRM
solution in improving the ductility and the in-plane shear capacity of the mockups.

Keywords: Rammed earth - in-plane test - shaking table test - compatible
strengthening - textile-reinforced mortar

1 Introduction

Earthen materials have been extensively observed as part of architectural heritage of
various civilizations, including religious and civil monuments, entire historical towns
and archaeological sites. In addition, about one-fourth of the global population is esti-
mated to live in earthen buildings [1-3]. The historic popularity of earthen materials can
derive from the local availability of the raw material, sustainability of the process, ease of
building, adequate thermal and acoustic isolation, and low cost. Consequently, several
building techniques based on the use of soil were developed, yet adobe, compressed
earth blocks and rammed earth are among the most used nowadays. On the other hand,
earth architecture is characterised by high seismic vulnerability, which results from low
to moderate strength of the material, poor structural maintenance and lack of engineer-
ing approach in design and building practices. In this context, the need to protect cul-
tural heritage while containing casualties remarks the importance of finding appropriate
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strengthening solutions to reduce the seismic vulnerability of earthen structures [4-6].
In response, the research on strengthening systems for rammed earth is rather recent and
the strengthening with textile reinforced mortar (TRM) needs further research for its
application on rammed earth structures [7-10]. In addition, the response of unstrength-
ened rammed earth structures is still not well known, in particular with regard to the
in-plane and out-of-plane behaviour of the walls under cyclic and dynamic excitation.
Given the above framework, to evaluate the performance of the unstrengthened rammed
earth structure and the effectiveness of a TRM-strengthening solution proposed, the main
outcomes of quasi static cyclic in-plane and dynamic out-of-plane tests on rammed earth
sub-assemblies are here presented and discussed.

2 Quasi-static In-Plane Cyclic Test

2.1 Experimental Setup

In order to assess the in-plane response of rammed earth walls of traditional single-
storey buildings with timber roof, a reduced scale 1:1.25 sub-assembly was built with
an I-shape geometry plan. The geometry was defined based on a preliminary numerical
investigation [11]. In addition, to simulate a traditional timber roof, the wall was loaded
for a total weight of 11.77 kN after a drying period of four months. The test setup was
designed to allow the application of cyclic horizontal displacements at the top and it
was conducted by controlling the displacement in the loading direction of a point at the
top of the left wing (control point) (see Fig. 1a). The cyclic testing protocol considered
increasing the target displacements in both directions (positive and negative), and one
repetition for each positive and negative cycle. The displacements were recorded by a set
of LVDTs set along the vertical profile of the mockup, as illustrated in Fig. 1b. Further
details on the materials, construction, and test setup can be found in [12, 13].

= Absolute displacement
— Relative displacement

Fig. 1. In-plane cyclic test: a) mockup; b) LVDTs setup.

2.2 Results and Discussion of the Unstrengthened Mockup

The results of the in-plane cyclic test for the unstrengthened rammed earth model (URE-
IP) are hereinafter presented and discussed in terms of cracking pattern and base shear



1216 D. V. Oliveira et al.

coefficient (BSC). Minor cracks were first observed on wing-walls close to the loading
surface, however, a main horizontal crack formed in the web-wall along one of the
interfaces between layers. Afterwards, further two diagonal cracks opened at the lower
inner corner of the web-wall, connecting with the previous horizontal crack, as shown
in Fig. 2. Based on this observation, the URE-IP wall responded as a non-homogeneous
material as a consequence of the low tensile and shear strength of the interface between
layers and low vertical loads.

Fig. 2. Crack pattern of URE-IP model.

The BSC curves are illustrated in Fig. 3a. The peak BSC in the positive direction was
1.18 and was achieved for a displacement of 0.90 mm during the fourth cycle. While the
peak BSC toward the negative direction was 1.39 and was reached with a displacement
of 2.70 mm. The envelope of the BSC shows clearly a linear response followed by a
non-linear behaviour due to the opening of the cracks, and the subsequent softening
response suggests friction at the interface of the main horizontal crack (see Fig. 3b).
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Fig. 3. Results of URE-IP model: a) overall curves; b) envelope curve of loops.
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2.3 Results and Discussion of TRM-Strengthened Mockup

After testing, the unstrengthened rammed earth wall was strengthened with a compatible
TRM solution based on a geo-mesh (GeoRE-IP), which was embedded in a layer of
earth-based mortar (see Fig. 4). As for the URE-IP case, the cyclic testing protocol
considered increasing target displacements in both loading directions, and two loops
for each cycle, see also [12]. Following, the results of the in-plane cyclic test for the
GeoRE-IP model are discussed and compared with those of the URE-IP model, in terms
of cracking pattern and base shear coefficient. The GeoRE-IP model showed at first
minor cracks in correspondence with the main crack of the previous URE-IP model,
which progressively developed with the consequent detachment of the mortar. At the
final stage, further diagonal cracks opened, while another horizontal crack formed at the
top zone of the web-wall, see Fig. 5. In general, the overall cracking pattern indicated that
the damaged state of the previous unstrengthened structure was difficult to be recovered;
however, the TRM strengthening was effective in redistributing the loads to the entire
structure, as demonstrated by the opening of new cracks.

Fig. 4. TRM-strengthening system: a) web-wall; b) wing-wall.

To assess the effectiveness of the TRM-strengthening and for the sake of brevity,
Fig. 6a reports the comparison between the BSC envelope curves of the GeoRE-IP and
URE-IP tests. The GeoRE-IP model attained a BSC peak towards the positive direc-
tion of 1.23 and achieved a displacement of 6.67 mm. While the peak BSC towards the
negative direction was 1.29 and was reached with a displacement of 9.15 mm. The com-
parison between GeoRE-IP and URE-IP models showed that the strengthened rammed
earth model was characterised by an early nonlinear response, which confirmed that
the previous damage state could not be recovered by the TRM-strengthening (Fig. 6b).
Nevertheless, the GeoRE-IP presented a gain of 4% in shear strength capacity that was
attained with a drift increase of 600% with respect to the unstrengthened model URE-IP;
whereas in the case of the loading in the negative direction, the strengthened model could
recover up to 93%, however, the peak was achieved with an increment of 235% in drift.



1218 D. V. Oliveira et al.

Fig. 5. Crack pattern of GeoRE-IP model.
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Fig. 6. Comparison between GeoRE-IP and URE-IP models: a) overall curves; b) envelope
curves.

3 Out-Of-Plane Shaking Table Test

3.1 Experimental Setup

The geometry of the mockup was defined to simulate the out-of-plane behaviour of a
rammed earth wall, which is found to be one of the most common collapse mechanisms
[14—17]. Thus, the rammed earth sub-assembly was built with a U-shape plan with the
dimensions as illustrated in Fig. 7. It is worth noting that such geometry is representative
of the geometry of sub-assemblies found in vernacular rammed earth constructions from
Alentejo [2, 3, 18].

The seismic tests were performed in the Earthquake Engineering and Structural
Dynamics Division (NESDE) at the National Laboratory of Civil Engineering (LNEC),
in Lisbon. The generated time histories were based on stochastic methods and on a
seismological model that considers finite fault effects [19] and were amplified through
increasing scale factors at each step of the experimental program. The seismic tests
on the unstrengthened URE-ST mockup were performed until attaining a damage level
that would not compromise its structural equilibrium. Further details on the materials,
construction and test setup can be found in [12, 20]. To represent each seismic signal,
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the peak ground parameters (PGA, PGV and PGD) were selected. To monitor the out-
of-plane response of the mockup, 6 accelerometers were set on the West facade (AWO01
to AWO06) (Fig. 8a), while 15 accelerometers (AEOI to AE15) were placed on the East
side of the core-wall and wing walls ((Fig. 8c). Further 4 accelerometers were placed on
the South fagade (ASO1 and AS02) and the North facade (ANO1 and AN02), see Fig. 8b
and Fig. 8d.

(b) ol
Fig. 7. Out-of-plane shaking table test: a) mockup, and b) geometry.
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Fig. 8. Setup of the accelerometers of the shaking table test: a) West facade; b) South fagade; c)
East facade; d) North fagade.

3.2 Results and Discussion of the Unstrengthened Mockup (URE-ST)

The results of the shaking table tests on the unstrengthened mockup URE-ST are here-
inafter presented in terms of cracking pattern, displacements and base shear coefficient.
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A horizontal crack could only be observed at the last seismic input, and it was located
at an interface between two layers of rammed earth in lower sections of the wing-walls
(Fig. 9). Such cracking pattern highlighted the lower tensile strength of the interface
between two rammed earth layers, as also reported in the in-plane cyclic tests (see
Sect. 2.2).

The displacements attained by the unstrengthened mockup were calculated from the
accelerations recorded by AEO1 to AE1S5. Afterwards, the maximum displacement of the
control point (CP) was considered to perform regression analysis with the peak ground
parameters, as reported in (Fig. 10). As a result, quadratic and linear regressions with
high correlation coefficients were found. Therefore, it was observed that the maximum
out-of-plane displacement can be predicted with a high level of confidence based on the
time history of the seismic event.

The base shear coefficient (BSC) developed during the seismic tests was evaluated
by summing the inertial forces of a lumped mass model equivalent to the real structure
[20]. Afterwards, regression analyses were performed in terms of the absolute maximum
BSC, while considering the peak ground parameters as an independent variable. As a
result, linear relationships with a high correlation coefficient were found between the
maximum BSC and PGA and PGV (Fig. 11a and Fig. 11b). Nevertheless, no correlation
was found between the PSD and the maximum absolute BSC (Fig. 11c), which might
be a consequence of the natural period of the structure concerning the frequency content
of the ground motion.

L O
Fig. 9. Crack pattern of URE-ST: a) exterior South facade; b) interior South fagade; c) interior
North facade; d) exterior North facade.
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Fig. 10. Regression analysis between the maximum displacement of control point of URE-ST
and: a) PGA; b) PGV; c¢) PGD.

3.3 Results and Discussion of TRM-Strengthened Mockup

After the series of seismic tests conducted on the URE-ST mockup, a TRM system was
applied with the use of a nylon mesh embedded in a layer of earth-based mortar. The



Seismic Behaviour and Strengthening of Rammed Earth Constructions 1221

12— 12— 300 , i
[~ fitted curve .
250
0.9 . 09 . L
- o - . = 200
H 0.10% - 173% g | o087 *
OF 067 Rages . G061 Rion ) GBIS01 kigg @
2 2 2 .
2 . = b a 100 5
03 K] 03 .
— 3 50
i‘ fitted curve ed carve]
00 ed . ‘.’ fitted curve| 0-': e le e
0 2 4 6 8 10 0 0.2 0.4 0.6 0 20 40 60 80 100

(a) PGA [n\/s:] (b) - PGV [m/s] ©) PGD [mm]

Fig. 11. Regression analysis between maximum BSC of URE-ST and: a) PGA; b) PGV; ¢) PGD.

experimental protocol of the strengthened mockup NRE-ST followed the same strategy
considered in the previous URE-ST test. Further details can be found in [12]. The out-
comes of the shaking table tests of the NRE-ST mockup are hereinafter presented and
compared concerning the results of the URE-ST mockup in terms of cracking pattern,
displacements and base shear coefficient. Figure 12 shows a comparison of the crack pat-
tern between the unstrengthened URE-ST mockup (in blue) and the TRM-strengthened
mockup NRE-ST mockup (in red). It is observed that the horizontal openings in NRE-
ST occurred at the same location of the previous URE-ST cracks. This suggests that
the NTRM-strengthening could not recover the previous damage state, as one could
expect. Subsequently, a marked diagonal crack occurred in the middle of the web-wall,
indicating the onset of an out-of-plane mechanism.

(b) B
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Fig. 12. Crack pattern of NRE-ST model: a) interior North fagade, b) exterior North facade, c)
interior South facade, and c) web-wall.

The displacements achieved by the NRE-ST mockup were assessed from the accel-
erations recorded by AEOI to AE15. Afterwards, regression analyses were performed
in terms of the maximum displacements of the control point (CP) while considering the
peak ground parameters. As a result, linear relationships with high correlation coeffi-
cients were found also in this case (Fig. 13). Therefore, the response in terms of maximum
out-of-plane displacement of the wall can be predicted with high confidence based on
the time history of the seismic event.

The effectiveness in terms of displacement capacity of the TRM solution demon-
strates that the NRE-ST model attained an improvement of about 130% of the maximum
displacement of the unstrengthened mockup (Fig. 14).

The base shear coefficient values BSC were here calculated as for the URE-ST model.
Subsequently, regression analyses were conducted considering the absolute maximum
BSC with the peak ground parameters. As a result, linear relationships with high corre-
lation coefficients were found between the maximum BSC and PGA and PGV (Fig. 15a
and Fig. 15b). Nevertheless, no correlation was found between the PGD and the maxi-
mum absolute BSC (Fig. 15d). As previously observed for the URE-ST mockup, such
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Fig. 13. Regression analysis between the maximum displacement of control point of NRE-ST
and: a) PGA, b) PGV, and ¢) PGD.
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Fig. 14. Comparison of maximum displacement of control point between NRE-ST and URE-ST:
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effect can be due to the natural period of the structure concerning the frequency content

of the earthquake.
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Fig. 15. Regression analysis between maximum BSC of NRE-ST and: a) PGA; b) PGV; ¢) PGD.

Afterwards, the effectiveness in terms of the capacity of the TRM solution showed
that the capacity of the NRE-ST mockup was lower than the capacity attained by URE-ST
(Fig. 16). Such results might indicate that the TRM-strengthening by embedding nylon
mesh could not recover the existing structural damage and provide further strength when
applied on a massive building subjected to dynamic loads.
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4 Conclusion

The experimental program carried out intended to assess the hysteretic behaviour of
rammed earth walls subjected to in-plane and out-of-plane excitations and evaluate the
effectiveness of a novel TRM-strengthening solution.

As for the in-plane testing, the crack pattern of the URE-IP demonstrated that a
rammed earth wall subjected to in-plane displacements cannot be assumed as a homo-
geneous material. Yet, the GeoRE-IP model cracking pattern indicated that the TRM-
strengthening was able to redistribute the loads involving entirely the structure. Although
the GeoRE-IP model showed an early nonlinear response consequent to the former dam-
age state of the model, the TRM-strengthening resulted effective as it allowed achieving
up to 104% of the BSC of the original structure for a drift increase of 600%. In conclu-
sion, the adopted TRM-strengthening solution with the use of a geomesh was effective
in recovering the strength capacity of the original structure while providing further
dissipative and ductility capacities.

As for the out-of-plane dynamic response of the sub-assemblage, the cracking pattern
of the URE-ST mockup confirmed the inferior tensile strength of the interfaces between
rammed earth layers. The maximum out-of-plane displacement of the URE-ST mockup
was found to be highly correlated with the peak ground parameters of the seismic inputs;
meaning that the response in terms of maximum out-of-plane displacement may be
predicted based on the ground motion. As well, the maximum BSC demonstrated linear
relationships with a high coefficient of correlation with the ground motion parameters.
The cracking pattern of the NRE-ST mockup suggested that the use of nylon mesh
in the TRM-strengthening could not recover the previous damage state. Subsequently,
linear and quadratic relationships with high coefficients of correlation were found for the
maximum out-of-plane displacement of the NRE-ST as a function of the peak ground
parameters characterising the seismic inputs. As well, linear relationships with a high
coefficient of correlation were found to describe the maximum BSC of NRE-ST as a
function of the ground motion parameters. Afterwards, the effectiveness of the TRM
solution, evaluated by analysing the maximum base shear coefficient attained by the
URE-ST and the NRE-ST mockups, reported that the URE-ST mockup presented a
higher strength capacity, which suggested that the nylon mesh-based TRM-strengthening
could not provide further strength when applied on such massive structure subjected to
dynamic loads. In conclusion, the rammed earth sub-assemblage demonstrated sufficient
out-of-plane capacity. However, the TRM-strengthening with the use of nylon mesh did
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not provide further capacity to a massive structure under dynamic loads, for which a
more resistant mesh, such as GeoM, would be probably required.
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