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Abstract 

Rammed earth structures are worldwide spread, both as architectural heritage and new 

constructions. Yet, rammed earth buildings present, in general, high seismic vulnerability. 

Despite the several studies conducted on the mechanical characterisation of rammed earth and 

on the numerical modelling of structural elements built with this material, further in-plane 

cyclic tests on rammed earth sub-assemblies are required to characterise their hysteretic 

behaviour. In this framework, an experimental program was conducted where cyclic in-plane 

tests were performed on a large-scale rammed earth wall. The geometry of the wall was defined 

to represent a sub-assembly commonly found in rammed earth dwellings from Alentejo 

(Southern Portugal). The wall was subjected to cyclic shear displacements with increasing 

amplitude, imposed in both positive and negative directions. To detect the dynamic properties 

of the wall and to assess the development of the structural damage, dynamic identification tests 

were conducted along the experimental programme. The results are analysed in terms of crack 

pattern, dynamic properties, displacement capacity, base shear performance and stiffness 

degradation. Further discussion is led on the dissipated energy, while a bi-linear and linear 

equivalent systems are proposed as simplified modelling approach. In conclusion, degradation 

of structural capacity was observed due to cyclic loads, while adequate energy dissipation and 

base shear coefficient were obtained. 

Keywords: rammed earth, in-plane cyclic loading, energy-based analysis, dynamic 
identification, stiffness degradation, seismic capacity 
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1 Introduction 

Earthen materials have been extensively used throughout several human civilizations, 

becoming part of their architectural heritage [1][2]. The popularity of earthen materials can be 

attributed to the local availability of the raw material, sustainability of the process, ease of 

building, adequate thermal and acoustic isolation, and low cost [3][4]. As consequence, various 

building techniques based on the use of soil have been developed, yet adobe, compressed earth 

blocks and rammed earth are among the most used nowadays. On the other hand, earthen 

buildings are characterised by high seismic vulnerability, which results from the low strength 

of the earthen material, high mass and lack of engineering approaches in design and building 

practices [5][6][7]. Thus, earthen structures are unable to sustain large inertial forces associated 

to moderate and strong ground motions, as demonstrated by recent earthquakes, such as the  

8.0 Pisco earthquake (Peru 2007), the  6.3 Bam earthquake (Iran 2003), and the  8.8 

Maule earthquake (Chile 2010) [8][9]. 

Despite the nowadays widespread use of rammed earth as a building solution, the 

response of such structures is still not well known, particularly with regard to the in-plane 

behaviour of the walls under cyclic loads. In fact, several studies addressed the characterisation 

of mechanical properties of the rammed earth as a building mater

shear modulus, compressive and shear strength, among others [8][10][11][12][13][14][15]. 

Such properties are fundamental for the numerical modelling of rammed earth structures using 

simplified methods and assumptions, such as the linear elastic analysis while considering a 

homogeneous and isotropic material. Further investigations were focused on advanced 

numerical modelling of the seismic response of rammed earth structures 

[16][17][18][19][20][21][22][23], however such numerical studies were rarely validated with 

real observations. Despite the various experimental investigations on the mechanical behaviour 

of rammed earth as building material, the behaviour of a rammed earth walls may involve 

phenomena that cannot be rendered through simplified testing protocols. In that case, the 

experimental characterisation of the hysteretic behaviour of the structure requires more 

complex testing protocols, such as cyclic loading on large-scale structural components, which 

allow to assess the stiffness and strength degradation or energy dissipation [24]. The 

significance of such parameters lies on the fact that hysteretic properties permit to define 

simplified models for designing, while including the actual structural dissipative capacity, 

which otherwise would be only possible with sophisticated numerical models. Moreover, 

accurate seismic vulnerability assessments are fundamental to implement appropriate 
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strengthening solutions in rammed earth built heritage. As can be found in literature, only few 

experimental studies have been conducted on large-scale rammed earth walls due to the higher 

complexity and cost of such tests, while very few analyses have been focused on the dissipative 

capacity and stiffness degradation. In [25][26], a full-scale wall was tested under cyclic in-plane 

loads. The results showed that the earthen walls are brittle and their lateral load capacity 

decreases for low drift demands, while the shear capacity is controlled by the wall axial load 

and aspect ratio. In addition, rammed earth exhibits high energy dissipation capacity, while the 

lateral stiffness decreases rapidly at early stages of lateral displacements. Further experimental 

studies of the in-plane response of earthen walls were conducted in [23][27][28][29][30], 

however reduced-scale models of single walls were tested. In [31][32], the natural frequencies 

and mode shapes of rammed earth walls were detected by means of dynamic identification tests. 

Although such properties are valuable for numerical calibration of models in the determination 

of the boundary conditions and the elastic properties of the materials, they do not provide direct 

measurement on the hysteretic and dissipative capacity of the structure. 

Considering such framework, an experimental program was conducted to investigate the 

in-plane cyclic performance of a rammed earth structural sub-assembly in the form of an I-

shaped wall. The aim was to characterise the response and to evaluate the hysteretic properties 

of the wall under shear loads. These outcomes can be later assumed to further develop 

recommendations for practitioners while providing data for calibration of numerical models. At 

first the test setup is presented, describing the materials used to build the wall for the rammed 

earth in-plane test (hereinafter referred to as RE-IP) and the testing protocol. Subsequently, the 

experimental results are reported and discussed in terms of cracking pattern, dynamic 

characterisation, displacement capacity, base shear forces and strength decay. Further 

discussions address the stiffness degradation and energy dissipation, which allowed 

determining the equivalent damping coefficient. Therefore, equivalent elastic and elastic-

perfectly plastic systems are proposed based on the experimental curves, according to 

simplified models for masonry structures [33][34][35][36].  

2 Experimental program 

2.1 Material and geometry of the sub-assembly 

In order to analyse the in-plane behaviour of rammed earth walls of traditional single-

storey buildings with timber roof, commonly found in Alentejo region (Southern Portugal), a 

reduced scale 1:1.25 sub-assembly was built with an I-shape geometry in plan. The geometric 

scale factor of  was a limitation imposed by the laboratorial facilities (Fig. 1a). Thus, 
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the design of the in-plane cyclic tests considered the compliance with -

-strain relationships of materials, mass 

and gravity forces, and boundary conditions [37]. Theoretically, a similitude scale law between 

the model and the real prototype structure allows to assume the structural response of a scaled 

model, including the damage patterns and failure mechanisms, to be similar to the behaviour 

observed in a real structure. Alentejo region was selected as main case study of the traditional 

rammed earth construction from Portugal, since a significant percentage of the Portuguese 

rammed earth dwellings are concentrated in this region [31]. The geometry of the sub-assembly 

was defined with basis on a preliminary survey investigation in the scope of the research project 

SafEarth [21]. Wing-walls were considered in the geometry, since no isolated walls are 

observed in the traditional buildings and because wings provide the necessary stability to the 

web-wall during in-plane cyclic loadings. Hence, the model consisted of two wing-walls with 

120  length and a web-wall with 280  length, while the thickness of each was 40  and 

the height was 180  (Fig. 1a). The foundation of the model consisted of limestones embedded 

in a concrete layer of 10  thick cast on a steel plate. The plate included welded steel vertical 

connectors to impede sliding of the concrete layer and was properly fixed to the lab strong-floor 

with tie rods (Fig. 1b). The rammed earth wall was built by mechanical compaction of a 

moistened mixture of soil in layers of about 10  thick using a complete formwork made of 

timber panels (Fig. 1c). To this purpose, the raw soil was collected from Alentejo for sake of 

representativeness and characterised by means of geotechnical analysis, such as particle size 

d 

content of clay fraction and low dry density for a high optimal water content (OWC), which 

could cause crack due to shrinkage. Therefore, the raw soil was mixed with coarse sand and 

gravel in proportion of 40% of soil, 30% of sand and 30% of gravel, obtaining a composition 

made of 6% of clay, 9 % of silt, 38% of sand and 47% of gravel, and dry density of 2.02  

for a OWC of 12%. Such composition met the recommendations found in literature, e.g. [38]. 

Afterwards, compressive tests were performed on representative cylindrical specimens to assess 

the compressive strength ( ) ), which resulted in average values 

of 0.56  (CoV = 13%) and 213  (CoV = 33%), respectively. The experimental 

compressive strength was found similar to the design value suggested by the NZS 4297 [39]. 

The structural sub-assembly was demoulded immediately after achieving the full height of the 

walls, while the drying occurred for a period of about four months in laboratory conditions. 
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The test setup was designed to impose cyclic horizontal displacements at the top. Thus,

two U-steel profiles were placed at each one of the wing-walls and were connected by two tie 

rods crossing them through holes created during the construction (Fig. 1a and Fig. 1d). The 

stiffness and contact surface of the steel profiles were designed to provide even distribution of

the loads during the test and to avoid punching failure.

Accordingly, to simulate the scaled vertical load of a traditional timber roof, the wall was 

loaded with bags for a total weight of 11.77 after a drying period of four months. The in-

plane cyclic displacements were applied by an actuator with 300 capacity, which was 

connected with a cylindrical hinge to the mock-up and with a spherical hinge to the reaction 

wall. An additional system was set to support the actuator in order to prevent the influence of 

its weight (Fig. 1e).

(a) (b) (c)

(d) (e)

Fig. 1 Details of the rammed earth sub-assembly: a) geometry [cm], b) foundation, c) construction, d) negative for the holes used to 

introduce the tie rods, and e) general view

Vertical load

Control point

Tie rod



This paper can be found at https://link.springer.com/article/10.1617/s11527-022-01894-z

2.2 Testing protocol 

The loading-unloading cycles were conducted by controlling the displacement in the 

loading direction of a point at the top of the left wing (control point). The entire cyclic testing 

protocol considered increasing target displacements in both directions (positive and negative), 

and two repetitions for each positive-negative cycle, as indicated in Tab. 1. In addition, dynamic 

identification tests through Operational Modal Analysis (OMA) were performed to detect 

modal frequencies  and mode shapes  of the model and to track their evolution under 

increasing levels of damage, by means of sixteen accelerometers (model PCB 393B12, 0.15 to 

1000 Hz frequency range, 10000 mV/g sensitivity, 8  resolution). Each test consisted of two 

setups with two fixed reference sensors and fourteen moving sensors to acquire the response 

over a grid with 4x5 points (Fig. 2a). The disposition and orientation of the accelerometers were 

defined in order to identify the in-plane and out-of-plane behaviour of the wall. Additionally, 

four accelerometers were placed at the steel plate (G#), aiming at evaluating possible alterations 

in the boundary conditions of the wall along the tests (Fig. 2).   

In OMA, the vibration of a structure is recorded under ambient excitation to identify its 

dynamic properties [40][41]. To guarantee the basic assumption of white noise and obtain 

accurate data resolution, the duration of each dynamic identification record was of 20 minutes 

and a sampling frequency 200  was adopted. The ARTeMIS Modal software [42] was used 

to analyse the obtained signals. The dynamic properties depend on the structural stiffness, 

which in turn is affected by degradation of the materials or structural elements, such as 

alterations of geometry, aging, cracking or change in boundary conditions [43][44][45][47]. 

Therefore, the variation in the dynamic properties along the test was employed as an indicator 

of damage evolution. Dynamic identification tests were labelled as DI-RE-IP-#number of test.  

The first dynamic identification test (DI-RE-IP-01) was performed on the model prior to 

any testing. Further, two dynamic identification tests were conducted, namely after the fifth 

cycle and at the end of the cyclic test protocol, which were named as DI-RE-IP-02 and DI-RE-

IP-03, respectively (Tab. 1). It is specified that the testing protocol was carried out in 

consecutive phases; meaning that the loading was interrupted and the actuator disconnected 

once that each cycle was completed. In this way, the effect of the actuator on the dynamic 

identification tests was null. 
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Tab. 1 Testing protocol of the rammed earth model RE-IP 

Cycle Rate [ ] [ ] Drift [%] 

DI-RE-IP-01 

1 2 ± 0.2 0.01 

2 5 ± 0.4 0.02 

3 5 ± 0.8 0.04 

4 15 ± 1.2 0.07 

5 30 ± 2.4 0.13 

DI-RE-IP-02 

6 60 ± 3.6 0.19 

7 60 ± 4.8 0.27 

DI-RE-IP-03 

 

As for monitoring deformations during the cyclic loading, a set of 4 LVDTs were placed 

at each wing-wall, measuring displacements in the loading direction along a vertical profile 

(LVDT-a1 to LVDT-d1, and LVDT-a5 to LVDT-d5); 4 additional LVDTs were placed 

horizontally at each inner corner to measure relative displacements between the wing-walls and 

the web-wall (LVDT-a2 to LVDT-d2, and LVDT-a4 to LVDT-d4). Further 3 LVDTs were set 

along the base of the wall to monitor the possible sliding at the foundation interface (LVDT-

g1, LVDT-g2 and LVDT-g3). The deformations at the middle-third zone of the web-wall were 

also monitored using 6 LVDTs placed in horizontal, vertical, and diagonal alignments. The 

position of the LVDTs is illustrated in Fig. 2b. 

 

 

(a) (b) 

Fig. 2 Position of the sensors used to monitor accelerations and deformations: a) accelerometers (REF: references), and b) LVDTs 
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3 Results and discussion 

The results of the tests conducted on the rammed earth model RE-IP are presented and 

discussed in the subsequent sections, in terms of cracking pattern, dynamic properties, 

displacements, base shear coefficient, stiffness decay, energy-based analysis and proposal of 

bi-linear and linear equivalent systems. 

3.1 Cracking pattern 

The cracking pattern of the rammed earth model was monitored during the cyclic tests. 

Minor cracks were first observed on wing-walls close to the loading surface during the fifth 

cycle, however a main horizontal crack formed in the web-wall along one of the interfaces 

between layers at an early stage of the sixth cycle. Afterwards, further two diagonal cracks 

opened at the lower inner corner of the web-wall, connecting with the previous horizontal crack, 

as showed in Fig. 3.  

It should be noted that three main types of failure modes are encountered when a general 

structural masonry wall is subjected to in-plane seismic loads, which depend on the geometry 

of the structural element and quality of materials, boundary restraints and acting loads [36]. In 

the case of low vertical loads, in-plane actions usually cause shearing and then sliding of two 

superimposed blocks, as the observed cracking pattern of the rammed earth wall. Therefore, the 

RE-IP wall subjected to in-plane loads responded as a non-homogeneous material as 

consequence of the low tensile and shear strength of the interface between layers, and low 

vertical loads.  

 

Fig. 3 Cracking pattern of the RE-IP model 

3.2 Dynamic properties 

In the following analysis, the Enhanced Frequency Domain Decomposition ( ) 

method was adopted on the original undecimated signal. Three vibration modes were estimated 
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for the model before being tested (DI-RE-IP-01). The frequency of the first mode (f1) is equal 

to 18.12 Hz and corresponds to the out-of-plane bending of the wall with single curvature (Fig.

4a); the frequency of the second mode (f2) is equal to 24.46 Hz and it corresponds to the second

out-of-plane bending mode of the wall with single curvature and the top corners out-of-phase 

(Fig. 4b); finally, the third mode presents a frequency (f3) of 32.04 Hz and corresponds to the

third out-of-plane bending mode with second curvature, in which the top corners and middle

section of the wall are out-of-phase. (Fig. 4c).

(a) (b) (c)

Fig. 4 Natural vibration modes of the rammed earth model obtained from the DI-RE-IP-01 test: a) mode 1, b) mode 2, and c) mode 3

The results of the dynamic identification DI-RE-IP-02 were similar to the results of DI-

RE-IP-01 (no damage with possible minor influence of temperature variation). The natural 

frequencies of DI-RE-IP-02 are , and , while the 

mode shapes associated to each natural frequency were analogous to the correspondent mode

shapes of the first dynamic identification test. The last dynamic identification (DI-RE-IP-03) 

was performed after the main crack occurrence, resulting in a decrease of the first natural 

frequency to (Fig. 5a) and the appearance of new mode shapes for the second 

and third natural frequencies. The mode shapes related to and of 

the DI-RE-IP-03 correspond to in-plane bending of the top of the web-wall (Fig. 5b and Fig. 

5c), which suggests the cracks originated new local modes.
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(a) (b) (c)

Fig. 5. Natural vibration modes of the rammed earth model obtained from the DI-RE-IP-03 test: a) mode 1, b) mode 2, and c) mode 3

In order to verify the results obtained from modal analyses, the modal assurance criterion 

( ) was considered as an indicator of consistency or orthogonality between estimated modal 

vectors [46], as in Eq.1. 

Eq. 1

Where and are the eigenvectors associated to two eigenvalues and , while is 

the number of degrees of freedom. The was additionally considered to validate the 

damage estimation, as the evolution of damage can be quantified by the variation of the natural 

frequency of the modes. Yet, it must be guaranteed that the frequencies taken into account refer 

to the same mode shapes. Thus, the of the modes being compared must be close to 1. 

Therefore, one considers the relation between natural frequency, mass and stiffness of a MDOF

system (Eq. 2) [48]:

Eq. 2

and assuming isotropic damage [49] between the eigenvalue in the first dynamic identification 

and in the dynamic identification , as in Eq. 3 [50]:

Eq. 3

Supposing that the seismic mass participating does not change significantly throughout 

the test, the damage indicator can be expressed as:
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 Eq. 4 

In this formulation, the damage is a linear function of stiffness variation (e.g. pure tension) 

[51]. In the case of structures in which the dynamic behaviour depends on various modes and 

stiffness components (e.g. bending and shear stiffness), different relations between damage 

indicators and the variation of the frequencies might be assumed. Based on the shape of the first 

mode (out-of-plane bending) and assuming that the variation of the bending stiffness can be 

associated with a variation of the thickness of the wall (equivalent approach to consider the 

decrease of the bending stiffness due to the damage  cubic order variation) [52], the damage 

indicator is given by: 

 Eq. 5 

Since changes in the natural frequencies of the model were detected in the last dynamic 

identification, the  was computed only between the vectors resulting from DI-RE-IP-01 

and DI-RE-IP-03. The results showed a correspondence between the mode shape of the first 

frequency (  0.76), while no further correspondence was observed in other cases as 

 0.1, as expected (new local modes). Consequently, the damage indicator  (Eq. 5) was 

calculated only for frequency , which resulted in d of 0.30. Although a damage indicator of 

0.30 is far from 1.0 (theoretical full collapse and not expected to be achieved), it represents a 

relevant damage for this structure. However, since the self-weight of the wall closed the cracks 

after the loading tests, the effect of damage on the frequencies estimated from ambient vibration 

tests (low vibration amplitude) was reduced. In these cases, the proven occurrence of new local 

vibration modes may be considered an useful indicator of damage, more reliable than frequency 

decrease [53][54]. Finally, the accelerometers placed at the steel plate (base) allowed to 

conclude that the boundary conditions did not present significant alterations. 

3.3 Displacement profiles 

To better represent the displacements achieved during the cyclic tests, the vertical profiles 

of horizontal displacements considered the behaviour of both wing-walls individually in each 

direction (positive and negative). Hence, the envelope profiles are referred to the maximum and 

minimum values of horizontal displacements ( ) recorded by the LVDTs (a1 to d1 and a5 to 

d5). Almost linear envelope profiles resulted up to the fourth cycle. Afterwards, the main 

horizontal crack in the web-wall opened, leading to a discontinuity in the displacement profiles 

(Fig. 6), which can be distinguished when the envelope of displacements of the right wing-wall 
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in the positive direction is considered. In fact, for the last two cycles, a large difference in the 

displacement of the LVDTs across the crack was detected (Fig. 6a), suggesting that the web-

wall behaved as two overlapped blocks sliding along the formed crack. 

    

(a) (b) 

    

(c) (d) 

Fig. 6 Envelope vertical profiles of horizontal displacements obtained for the model: a) left wing-wall in the positive direction, b) right wing-

wall in the positive direction, c) left wing-wall in the negative direction, and c) right wing-wall in the negative direction 

3.4 Base shear coefficient 

The results of the tests on the model are reported in Tab. 2 in terms of peak value of the 

applied force and corresponding horizontal displacement of the control point (CP). The results 

refer to each cycle and consider both positive (  and ) and negative (  and ) 

loading directions, see also Fig. 2. Therefore, the corresponding base shear coefficient ( ) 

was evaluated as the ratio of the base shear force ( ) to the self-weight of the wall ( ). The 

base shear force was assumed equal to the force measured by the actuator. Furthermore, the 

corresponding drift was calculated as the ratio of the displacement to the elevation of the 
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LVDT a1. The overall response curves of the cyclic tests are shown together with the envelope 

in Fig. 7a, while to distinguish the different response of the model due to the repetition of the 

loading path, the backbone of the response curves was analysed in both loading directions for 

each loop separately (see Fig. 7b and Fig. 7c). Fig. 7b illustrates that the  values of the two 

loops were similar along the linear branch. Afterwards, the  values decreased noticeably 

from the first to the second loop of a same cycle, particularly once the maximum capacity was 

achieved. Such difference between loops can be ascribed to the loss of cohesion in the rammed 

earth material, which eventually led to the opening of the main crack and marked nonlinear 

response, and the subsequent degradation of friction and interlocking mechanisms along the 

main crack. In addition, a comparison of the envelopes of both directions showed that the 

response of the model was similar up to the maximum  of the positive direction and differed 

hereafter (see Fig. 7c). In fact, while softening occurred for a displacement beyond the 

maximum  in the positive direction, the wall still exhibited increasing shear capacity for 

further negative displacements until attaining the maximum  in this direction, which was 

followed by a softening response. The different envelopes resulting from the two loading 

directions can be consequent to asymmetry generated by damage. Nevertheless, further 

contribution in such asymmetric response might be related to small misalignments of the test 

setup and variability in mechanical properties of the material. 

The peak force in the positive direction was 93.18  and was achieved for a 

displacement of  during the fourth cycle, to which corresponds a  of 1.18 and a 

drift of 0.06%. While the peak force towards the negative direction was 109.14  and was 

reached with a displacement of 2.700 , which is equivalent to a  of 1.39 and a drift of 

0.17%, respectively. Following the indications of NZS 4297 [39], the shear capacity of the RE-

IP wall can be assumed equal to 80.64 . Therefore, the actual shear capacity of the RE-IP 

resulted 35% higher with respect to the nominal shear capacity calculated according to NZS 

4297 [39]. 

Tab. 2 Main results of the cyclic test 

Cycle 
 

[ ] 

 

[-] 

 

[ ] 

Drift 

[%] 

 

[ ] 

 

[-] 

 

[ ] 

Drift 

[%] 

1 39.55 0.50 0.175 0.01 - 40.37 - 0.51 - 0.195 - 0.01 

2 67.97 0.86 0.387 0.02 - 54.02 - 0.69 - 0.398 - 0.02 

3 82.61 1.05 0.656 0.04 - 90.54 - 1.15 - 0.930 - 0.06 

4 93.18 1.18 0.900 0.06 - 102.19 - 1.30 - 1.480 - 0.09 
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5 92.66 1.18 1.075 0.07 - 109.14 - 1.39 - 2.700 - 0.17 

6 74.25 0.94 2.080 0.13 - 77.47 - 0.98 - 2.620 - 0.16 

7 54.12 0.69 3.987 0.25 - 88.09 - 1.12 - 3.984 - 0.25 

 

   

(a) (b) 

 

(c) 

Fig. 7 Response curve of the model: a) all cycles, b) overall envelope for each loading loop, and c) comparison between the negative and 

positive loading directions 

The strength decay throughout the test was assessed to investigate the degradation of the 

structural sub-assembly due to increasing imposed cyclic displacement. For each cycle, two 

values of decay of the maximum absolute force were calculated for each loading direction, 

namely  and . According to the loading direction, each value of degradation refers to 

the maximum force of the first loop of a cycle ( , while considering the force values of 

the second loop of the same cycle ( ) and of the first loop of the subsequent cycle ( ) 

for the corresponding displacement value. Therefore, the decay values of the maximum force 

(  and  were calculated according to Eq. 6 and Eq. 7. Finally, according to the considered 
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loading direction, the force decay values were normalised through the overall peak force 

considering each direction separately while the displacement set for each step was normalised 

through the displacement at the overall peak force for each direction. 

 Eq. 6  

 Eq. 7 

The resulting normalised decay of forces are illustrated in Fig. 8a and Fig. 8b, 

respectively, for  and . Although a defined relationship between the force decay and the 

displacement is not outlined, a trend can be observed for which the degradation  increased 

with the imposed displacement, as expected. Moreover, the force decay due to the second loop 

( ) in the positive direction was higher than that of the first loop. 

(a) (b) 

Fig. 8 Force decay observed in the cyclic test of the model: a) first repetition, and b) second repetition 

3.5 Stiffness degradation 

A further analysis of the degradation caused by the increasing cyclic displacement was 

conducted based on the evolution of the lateral stiffness. To this purpose, the lateral stiffness 

( ) decay throughout the cyclic test was computed with basis on the base shear force and the 

displacement of the control point. The stiffness was individuated for each loop and it was 

calculated according to different scenarios, namely positive loading , positive 

unloading , negative loading  and negative unloading . Meaning 

that, for each loop, the stiffness associated to the positive loading  was evaluated in 

the range of 40% - 80% of the positive peak force by means of linear fitting; similarly, the 

stiffness associated to the negative loading  considered the range 40% - 80% of the 
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negative peak force. In turn, the stiffness due to positive unloading  was calculated 

considering 70% of the force associated to the positive peak displacement as the upper boundary 

till the complete unload of the structure; in such a way, only the unloading due to the reverse 

displacement of the cycle was taken into account. The same was performed for the stiffness due 

to negative unloading , which was assessed in the range of 70% of the force 

associated to the negative peak displacement up to the complete unload of the structure. 

Afterwards, the values of stiffness were correlated with the cumulative displacement, which is 

the sum of the absolute values of displacement of the upper boundary of ranges up to that 

specific scenario, namely loading  and unloading  as in Eq. 8 and in Eq. 9. 

 Eq. 8 

 Eq. 9 

The loading and unloading stiffness degradation along the cyclic tests of the model are 

illustrated in Fig. 9a and Fig. 9b, respectively. It can be noted that both stiffnesses decrease with 

increasing cumulative displacement, as a consequence of the development of the cracks. In 

addition, for the same level of cumulative displacement, the stiffness associated to unloading 

was in general higher than that associated to loading. This can be explained by punching 

localised in the loading area that might occur at the beginning of the unload, while plastic 

displacement was still recorded by the LVDT at the control point; consequently, higher forces 

were required to involve the entire structure which in turn seemed stiffer. 

  

(a) (b) 

Fig. 9 Stiffness degradation of the model: a) loading stiffness, and b) unloading stiffness 
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3.6 Energy-based analysis 

The energy dissipated by a building indicates its capacity to reduce the amplitude of 

displacements in response to a seismic event and consequently to reduce the ductility demand 

of a structure. Accordingly, to investigate the shear capacity of rammed earth walls, the energy 

dissipated by the structure was analysed as function of the input energy of the system for each 

loop and subsequently for each cycle. The dissipated energy for a complete loop  was 

evaluated as the integral of the force-displacement curve along the entire loop (Eq. 10); while 

the input energy  was calculated as the integral of the force-displacement curve along 

the single loading path, hence up to the positive peak displacement and the negative peak 

displacement (Eq. 11). From here, the dissipated energy  and the input energy  for 

each cycle is the sum of the corresponding components of the loops, as in Eq. 12 and in Eq. 13 

respectively; while the cumulative dissipated energy  is the cumulative sum of the 

dissipated energy along the test (Eq. 13) and the cumulative input energy  is the 

cumulative sum of the input energy along the test (Eq. 14). 

 Eq. 10 

 Eq. 11 

 Eq. 12  

 Eq. 13 

 Eq. 14 

 Eq. 15 

The outcomes are illustrated in Fig. 10. A linear relationship was obtained between the 

input and the dissipated energy, in spite of considering loops, cycles or cumulative energy; 

while a ratio of dissipated energy to input energy was found to be in the range 44% - 61%. In 
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addition, the energies between two loops of a cycle were similar up to the fourth cycle ; 

whereas, in the subsequent steps, the energies involved in the second loops decreased with 

respect to the first loops. This suggests that, once exceeding the elastic behaviour, the first loop 

of the cycle led to further plastic behaviour inducing damage to the structure, which was not 

recovered during the unloading, as further confirmed by the stiffness decay.  

  

(a) (b) 

 

(c) 

Fig. 10 Dissipated and input energy of the model considering: a) loops, b) cycles, and c) cumulative energy 

Besides hysteretic dissipation, a system can dissipate energy by various non-conservative 

mechanisms (eg. friction, thermal effect, opening and closing of microcracks), which can occur 

at the same time and steadily decrease the free vibration of the structure itself. Such process is 

defined as elastic damping and identifying mathematically each of the mechanisms in an actual 

structure is inherently impossible. Therefore, the damping in a real building is idealised by an 

equivalent viscous damping coefficient  in a manner that the associated dissipation of 

energy is equivalent to the energy dissipated in all the damping phenomena. In general, to 

accurately model the damping, the inelastic force-displacement relationship obtained from 
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experiments at slow rate of deformation is considered. In such a way, the energy dissipation 

due to rate-dependent effects is excluded. Such approach is based on the relationship between 

the dissipated energy and the stored strain energy per loading cycle as in (Eq. 16) [48]. 

 Eq. 16 

Consistently with such approach, the equivalent damping coefficient  was evaluated 

and is presented in Fig. 11 as a function of the corresponding input energy. It was observed that 

the equivalent damping coefficient  is 7% for earlier cycles and increases to a peak of 10% 

at the last cycle; nonetheless an average value of 8% can be assumed for the overall inelastic 

response of the rammed earth structure. Such behaviour indicates that the equivalent damping 

increased with large displacements in the inelastic domain of the structure. 

 

Fig. 11 Equivalent damping coefficient of the model 

3.7 Bi-linear and linear equivalent systems 

As the rammed earth wall demonstrated to dissipate hysteretic energy, an equivalent 

elastic-perfectly plastic system was idealized aiming at simplifying the non-linear behaviour; 

thus the bi-linear representation of the backbone curve was inferred following the indications 

given in [33][34][35][36]. Accordingly, the ultimate displacement  of the bi-linear curve 

was considered in correspondence to a decrease of 15% of  of the experimental curve, 

while the secant stiffness  of the equivalent system was constrained to the 60% of  of 

the original curve. Therefore, the yielding force  and displacement  of the simplified 

system were obtained by the equivalence of the energy of the experimental envelope curve and 

the energy of the idealised bi-linear curve. Afterwards, a further simplification was deduced 

through a linear representation, which intends to describe the experimental nonlinear response 

with an equivalent linear elastic structure. Therefore, the equivalent linear strength  was 
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evaluated by the equivalence of the energy between the linear curve and the bi-linear curve and 

assuming the same stiffness . Subsequently, the ductility factor , the behaviour factor 

 and the reserve strength ratio, or overstrength,  were estimated, as in Eq. 17, Eq. 18, Eq. 

19 respectively. The ductility factor  indicates the capacity of the actual structure to sustain 

large deformations beyond the yield point [33][34][35][36]. The behaviour factor  

represents the ratio between the yielding force and the elastic force; therefore, in structural 

design, it can be an indicator of the dissipative capacity of the building (eg.  for non-

dissipative structure, meaning that a brittle system should be designed for strength). The 

overstrength  expresses the reserve of strength of the actual structure compared to the 

equivalent elastic-perfectly plastic system [33][34][35][36]. 

 Eq. 17 

 Eq. 18 

 Eq. 19 

The parameters of the equivalent elastic-perfectly plastic and elastic systems are reported 

in Tab. 3 and in Fig. 12, while the simplification considered individually the envelope curves 

for negative and positive displacements. As a result, the comparison of the bi-linear curves 

obtained in the two directions leads to assume that the structure responded asymmetrically. In 

fact, the structural secant stiffness  for the positive direction was larger when compared to 

the one assessed for the negative direction. This might be a consequence of the cyclic test, 

which involved different levels of accumulated micro-cracks according to the two directions. 

On the other hand, the yielding force , displacement , and the elastic force were larger 

in the case of displacements towards the negative direction, which resulted from the higher 

experimental ultimate displacement  and higher peak force . Nevertheless, the 

ductility factor, the behaviour factor and the overstrength were similar for both directions. In 

particular, the structure showed high ductility  and behaviour factor , respectively, 4.17 

and 2.71, indicating high dissipative capacity; whereas, the reserve of strength  achieved 8% 

of the actual peak force. 
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Tab. 3 Parameters of the equivalent elastic-perfectly plastic and elastic systems for the rammed earth model RE-IP 

Loading 

direction 

 

[ ] 

 

[ ] 

 

[ ] 

 

[ ] 

 

[ ] 

 

[-] 

 

[-] 

 

[-] 

Positive 85.97 0.457 188.23 1.809 226.21 3.96 2.63 1.08 

Negative 102.83 0.888 115.84 3.698 278.45 4.17 2.71 1.06 

 

  

(a) (b) 

Fig. 12 Comparison of the non-linear experimental response with the equivalent elastic-perfectly plastic and elastic systems of the model: a) 

loading in the positive direction, and b) loading in the negative direction 

4 Conclusions 

This paper reports an experimental investigation of a rammed earth sub-assembly (RE-

IP) consisting of an I-shaped wall model subjected to in-plane cyclic displacements. The crack 

pattern of the model demonstrated that a rammed earth wall subjected to low vertical loads and 

in-plane displacements cannot be assumed as a homogeneous material, as a horizontal fracture 

occurred along the interface between two layers. The performed dynamic identification tests 

aimed at quantifying the damage development through the in-plane cyclic tests, which attained 

a damage indicator of 0.30 and represents a significant damage for this model. With regard to 

the envelope of the displacement curves of the model, the response in the elastic branch 

was found to be similar between the loops. Afterwards, differences between the two envelopes 

were observed due to loss of cohesion of the material, and opening and development of the 

cracks.  

As for the lateral stiffness, its degradation was found to be related to the increase in 

cumulative displacement. In addition, the analysis of the stiffness in the nonlinear branch 

indicated that the structure was in a plastic-deformation state that could be modified only by 
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exceeding the peak displacement of the previous step. Indeed, the stiffness associated to the 

second loop of a cycle resulted similar to the one related the first loop of the subsequent cycle. 

The dissipative capacity of the RE-IP model was also validated by an energy-based analysis. 

However, the energy values of the second loops decreased with respect to the first loops after 

the opening of the main crack. Thus, once the elastic behaviour was exceeded, the first loop of 

the cycle led to a further plastic domain, which was not recovered during the unloading path. 

From here, the equivalent damping coefficient was observed to slightly increase with large 

displacement demands, confirming the non-conservative processes that occurred in the inelastic 

domain. Therefore, based on the dissipative capacity of the model, equivalent elastic and 

elastic-perfectly plastic systems were inferred considering the two loading directions 

separately. As a result, different yielding force and displacement values were obtained; 

nevertheless, the lateral stiffness, ultimate displacement, ductility factor, behaviour factor and 

overstrength values were similar in both directions. 
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