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Abstract 11 

To evaluate the effectiveness of a TRM-strengthening solution for rammed earth walls subjected to in-12 

plane cyclic loads, an experimental program was conducted on a strengthened mock-up previously 13 

damaged. The experimental results are discussed in comparison with the previous unstrengthened model 14 

in terms of cracking pattern, damage identification, displacements, base shear coefficient, stiffness 15 

degradation, and energy dissipation; in addition, simplified equivalent linear and bi-linear systems are 16 

inferred to assess the performance. The outcomes highlighted the effectiveness of the TRM solution in 17 

improving the in-plane shear capacity, the ductility and the dissipated energy of the mock-up. 18 

Keywords: compatible textile reinforced mortar, rammed earth, in-plane cyclic loading, energy-based 19 

analysis, dynamic identification, stiffness degradation, seismic capacity.  20 

1 Introduction 21 

Earthen materials have been widely used by different human civilizations in vernacular technique 22 

becoming part of architectural heritage which must be preserved [1][2]. The low mechanical properties 23 

of the material, lack of maintenance practices, and deficiencies in the building process result in high 24 
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seismic vulnerability of earthen architecture, which leads to in-plane cracking or out-of-plane collapse 25 

mechanisms of the bearing walls under intense earthquakes [3][4][5][6]. The concern about mitigating 26 

the seismic vulnerability of existing rammed earth buildings further increased when their high seismic 27 

risk turned into calamities[7][8][9]. However, the former lack of scientific and technological knowledge 28 

is evident when techniques and approaches commonly used for other structural systems were adapted 29 

for earthen building without any critical analysis, causing further degradation or increasing the seismic 30 

vulnerability [9][10]. In this context, the requirement of “compatibility” of the solution must be 31 

considered, which intends to ensure that the introduced treatment materials will not induce negative 32 

consequences, guaranteeing the long-term effectiveness of the intervention [11].  33 

With regard to strengthening solutions for existing earthen structures, adobe masonry scaled 34 

mock-ups strengthened with an externally embracing timber or steel system were already tested. In this 35 

way, the formation of out-of-plane collapse mechanisms was limited, and the in-plane structural ductility 36 

was increased [4][12][13][14][15]. Despite the above-described systems provide a general improvement 37 

of the in-plane and out-of-plane capacity of the earth walls, such solutions might be invasive or not 38 

compatible with the existing buildings. A further strengthening technique based on textile-reinforced 39 

mortar (TRM) has been developed in the last decades [16][17][18], in particular for masonry buildings, 40 

and it was demonstrated to be efficient to mitigate the vulnerability of masonry structures due to its great 41 

tensile strength and reduced self-weight [19][20]. The investigation of TRM as a strengthening solution 42 

for earthen buildings was widely addressed by the Pontificia Universidad Católica del Peru (PUCP), in 43 

response to high the seismic risk associated with the Peruvian adobe housing 44 

[4][21][22][23][24][25][26][27][28]. The outcomes demonstrate an improvement of the in-plane 45 

capacity and overall structural ductility; while, the out-of-plane overturning of the adobe walls was 46 

prevented, despite the evident damaged [27][29][30][31]. In [28][32][33][34], different types of meshes 47 

(geosynthetic, plastic or metallic meshes) strengthening walls of adobe dwellings were tested and 48 

showed an improvement of the seismic capacity of the structure, in particular when geosynthetic meshes 49 

are applied. Similar results with the use of a synthetic mesh were achieved in [27]. In [29], cyclic in-50 

plane tests were performed on an adobe wall, which was repaired and then strengthened with plastic 51 
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mesh. It was observed that the stiffness of the adobe wall could be recovered with a significant 52 

improvement of the ductility, energy dissipation, and shear capacity, while preventing the fragile failure. 53 

The first outcomes on the application of externally bonded fibres for rammed earth walls report an 54 

improvement of the overall seismic capacity similar to that attained for adobe masonry 55 

[8][35][36][37][38]. In [39], near surface mounted polyester fabric strips applied on rammed earth walls 56 

with cement mortar increased the in-plane energy dissipation and the ductility. Satisfactory 57 

improvement of the in-plane capacity of rammed earth walls strengthened with tarpaulin strips bonded 58 

externally with an inorganic compound is reported in [40]. In [34], it was found that steel welded meshes 59 

can improve the in-plane shear strength and the out-of-plane capacity of rammed earth wall by 60 

preventing premature local failures and by providing confinement after cracking.  61 

However, the use of externally bonded textiles to increase the lateral load capacity and ductility 62 

of a rammed earth walls is rather recent, while a lack of investigation on the effectiveness of rammed 63 

earth walls strengthened with a TRM solution and subjected to in-plane cyclic loads has been observed 64 

in literature. Whitin this framework, an experimental program was undertaken to assess the performance 65 

of a rammed earth sub-assembly strengthened with TRM. In particular, the proposed solution is 66 

composed of a geomesh embedded in earth-based mortar and anchored with common plastic connectors. 67 

It is also reported that the present work is a progression of a previous investigation on the in-plane cyclic 68 

performance of an unstrengthened rammed earth wall [41], hereinafter referred to as URE-IP; in this 69 

way, the effectiveness of the TRM solution on a damaged structure was evaluated. This paper presents 70 

at first the test setup and the applied TRM-strengthening solution; namely, the materials used for the 71 

TRM, the strengthening scheme and the fixing system are illustrated. Afterwards, the experimental 72 

results are reported in terms of cracking pattern, dynamic characterisation, displacement capacity, base 73 

shear forces and strength decay. Further discussion is addressed on the stiffness degradation and energy 74 

dissipation, which allowed determining the equivalent damping coefficient. Subsequently, equivalent 75 

elastic and elastic-perfectly plastic systems were proposed based on the experimental curves, according 76 

to simplified models for masonry structures [42][43][44][45].  77 

2 Experimental program  78 
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2.1 Strengthening of the damaged model 79 

The tested mock-up represents a rammed earth structural wall component from a traditional 80 

single-storey building with timber roof and I-shape geometry in plan, which allowed to investigate the 81 

in-plane performance of a rammed earth wall. It was built with two wing-walls with 120 cm length and 82 

a web-wall with 280 cm length, with a thickness of 40 cm and the height of 180 cm (Fig. 1). The rammed 83 

earth wall was built by mechanical compaction of an earth moistened mixture in layers of about 10 cm 84 

thick using a complete timber mould; as well, to simulate the stress state imposed by a typical timber 85 

roof, a total load of 11.77 kN was added on top as mortar bags. The rammed earth mixture was composed 86 

of 6% of clay, 9% of silt, 38% of sand and 47% of gravel, and the optimal water content was assessed 87 

by means of standard Proctor test [46], resulting in 12% to attain a dry density of 2.02 g/cm3. In addition, 88 

the mechanical characterization of the rammed earth material was performed, resulting in a compressive 89 

strength, 𝑓𝑐, of 0.56 MPa, and Young’s modulus, 𝐸, of 213 MPa. Further details can be found in [41]. 90 

  

(a) (b) 

Fig. 1 GeoRE-IP mock-up geometry: a) plan view, and b) elevation view. 91 

The rammed earth wall was previously tested and damaged [41], and then was strengthened with 92 

a compatible TRM solution with the use of geomesh (GeoM), which was embedded in a layer of earth-93 

based mortar of about 10 mm thick. The TRM-strengthened model is hereinafter referred to as GeoRE-94 

IP. The GeoM presented a net aperture of 22X25 mm2 (Fig. 2a) and woven union between the yarns 95 

(Fig. 2b), which were composed of bonded filament with a cross section of 3.09 mm2 (Fig. 2c and Fig. 96 

2d). Being the features of the mesh different along the orthogonal orientations, the linear density (𝑇𝐸𝑋) 97 

[47] was calculated for both the longitudinal (𝑋) and transversal (𝑌) directions separately, resulting 98 

𝑇𝐸𝑋X = 4210 g/km and 𝑇𝐸𝑋Y = 2820 g/km; while grammage (𝐺𝑆𝑀) [48] referred to the entire mesh 99 
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was 215 g/cm3. Therefore, according to [49], the GeoM meets the grammage requirement for fabrics 100 

integrating composites materials, whose value should be lower than 600 g/m2. The tensile behaviour of 101 

the dry meshes was evaluated according to [50] and [51]. The average peak load resulted in 42.08 kN/m 102 

(CoV = 3%) with an elongation of 0.097 mm/mm (CoV = 3%). The tensile strength (𝑓t) was assessed 103 

considering the maximum force evenly distributed through the number of effective yarns and the cross 104 

section of the threads. Accordingly, the resulting average 𝑓t was 340.46 MPa (CoV = 3%). The Young’s 105 

modulus (𝐸y) was calculated through a linear regression of the stress-strain values in the range 0-30% 106 

of 𝑓t obtaining 2626 MPa (CoV = 6%). 107 

    (a) (b) (c) (d) 

Fig. 2 Geomesh selected for the experimental program: a) geometry, b) intersection, c) detail of the section, and d) cross section dimension. 108 

Additionally, to guarantee the compatibility between the rammed earth wall and the strengthening 109 

solution, the raw soil used to build the model was considered to design the earth-based mortar. 110 

Therefore, the raw soil was previously sieved through sieve #10 (2 mm) to remove large particles, 111 

thereof sand was added to reduce the clay content to 6% to mitigate shrinkage. Thus, the water content 112 

(𝑊/𝑆) for the optimal workability was iteratively defined as 20%, according to the flow table test (Fig. 113 

3a) [52] and by setting a value of 170 mm, as suggested in [53]. Afterwards, the mechanical properties 114 

were defined according to EN 1015-11 [54] (Fig. 3b and Fig. 3c). The compressive strength (𝑓c) resulted 115 

0.49 MPa (CoV = 3%), while the flexural strength (𝑓b) was 0.21 MPa (CoV = 5%), which are found to 116 

be consistent with the values of earth-based mortars found in the literature [53][55]. Subsequently, the 117 

Young’s modulus was evaluated by means of axial compression tests on three cylindrical specimens 118 

with 90 mm of diameter and 175 mm of height (Fig. 3d), which resulted in 1232 MPa (CoV = 14%). 119 

 120 
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(a) (b) (c) (d) 

Fig. 3 Characterisation of the earth-based mortar: a) flow table test, b) three-point bending test, c) compression test, and d) Young’s 121 

modulus. 122 

Before applying the mortar, the surface of the web-wall was scraped and wet, in order to favour 123 

the adherence of the mortar to the substrate and avoid early water suction, and consequent shrinkage. 124 

The scheme of TRM-strengthening is reported in Fig. 4 and Fig. 5. Since the main crack had a dominant 125 

horizontal orientation, mesh bands with 1000 mm width were applied with a rotation of 16º (with respect 126 

to the horizontal direction) to optimize the strengthening capacity with respect to damage pattern 127 

resulting from the URE-IP test. To guarantee an even distribution of the loads during the cyclic actions, 128 

two mesh bands were applied on each side of the web-wall in a cross configuration (Fig. 4a, Fig. 5a and 129 

Fig. 5b). In addition, circular plastic connectors with diameter of 6 cm and length 8 cm were used to fix 130 

the mesh bands with a spacing of 30−40 cm, in order to further improve the load transfer from the 131 

structure to the mesh (Fig. 4b). An additional fixation system was also used, consisting of L-steel profiles 132 

50X50−5 mm placed at each inner corner, which were connected by tie rods Φ 14 mm to U-steel 133 

profiles 80X25−5 mm placed on the façades of the wing-walls (Fig. 5c). In total, five rows of U-steel 134 

profiles were set for each façade with distance in range 30−50 cm; in this way, the influence area of 135 

each crack was guaranteed to be covered by two tie rods. 136 
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(a) (b) 

Fig. 4 Proposed TRM strengthening solution: a) sScheme of TRM-strengthening and fixing system, and b) plastic connector. 137 

 
  (a) (b) (c) 

Fig. 5 TRM strengthening of the GeoRE-IP model: a) web-wall prior the application of mortar, b) web-wall after the application of mortar 138 

and c) wing-wall. 139 

2.2 Testing protocol 140 

The cyclic tests were conducted by controlling the Displacement at the Control Point (𝑑CP), in 141 

the loading direction of a point at the top of the left wing, after a drying period of the strengthening of 142 

two months in laboratory conditions. The testing program considered cycle of increasing target 143 

displacements in both directions (positive and negative), and two repetitions for each step, as indicated 144 

in Fig. 6. Tab. 1 summarises the testing protocol, where 𝑑CP
𝑝𝑒𝑎𝑘

 is the peak target displacement of the 145 

control point at each cycle, and the drift is the ratio between 𝑑CP
𝑝𝑒𝑎𝑘

 and the elevation at which it is 146 

recorded. Additional dynamic identification tests by means of Operational Modal Analysis (OMA) were 147 

performed to detect natural frequencies (𝑓) and mode shapes (Φ) of the wall and to track their change 148 

along the experimental program, which allowed to evaluate the evolution of damage [56][57][58][59]. 149 

Each dynamic identification test consisted of two setups of sixteen accelerometers (model PCB 393B12, 150 
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0.15 to 1000 Hz frequency range, 10000 mV/g sensitivity, 8μg resolution), of which two were fixed 151 

reference sensors (REF), to acquire the response over a grid with 4x5 points, while further four 152 

accelerometers were placed at the steel plate (G#), aiming at evaluating possible alterations in the 153 

boundary conditions of the wall along the tests. Additional scheme of the setup of the accelerometers 154 

can be found in Fig. 7 and in [41]. To guarantee the basic assumption of white noise and obtain accurate 155 

data resolution, the duration of each dynamic identification record was of 20 minutes with a sampling 156 

frequency of 200 Hz. The obtained signals, which were labelled as DI-GeoRE-IP-#number of test, were 157 

analysed with ARTeMIS Modal software [60]. The first dynamic identification test (DI-GeoRE-IP-01) 158 

was performed on the strengthened model before being tested; further dynamic identifications were 159 

performed after the fourth cycle (DI-GeoRE-02), after the sixth cycle (DI-GeoRE-IP-03) and at the end 160 

of the ninth cycle (DI-GeoRE-IP-04), as reported in Fig. 5 and Tab. 1. It is specified that the testing 161 

protocol was conducted in consecutive phases; therefore, the loading was interrupted and the actuator 162 

disconnected once that each cycle was completed. In this way, the effect of the actuator on the dynamic 163 

identification tests was null. 164 

 

Fig. 6 Loading profile of the strengthened model GeoRE-IP and dynamic identification test DI-GeoRE-IP (dashed lines). 165 

Tab. 1 Testing protocol of the strengthened model GeoRE-IP. 166 

Cycle Loading rate [𝛍𝐦/𝐬] 𝒅𝐂𝐏
𝒑𝒆𝒂𝒌

 [𝐦𝐦] Drift [%] 

DI-GeoRE-IP-01 

1 5 ± 0.4 0.02 

2 5 ± 0.8 0.04 

3 15 ± 1.2 0.07 

4 30 ± 2.4 0.13 

DI-GeoRE-IP-02 

5 60 ± 3.6 0.19 

6 60 ± 4.8 0.27 

DI-GeoRE-IP-03 

7 60 ± 6.0 0.34 
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8 60 ± 7.2 0.40 

9 60 ± 8.4 0.47 

DI-GeoRE-IP-04 

10 60 ± 10.8 0.61 

11 60 ± 10.8 0.61 

 167 

 

Fig. 7 Setup of accelerometers for dynamic identification tests. 168 

The deformations during the tests were monitored by a set of four LVDTs placed at each wing-169 

wall, which measured displacements in the loading direction along a vertical profile (LVDT-a1 to 170 

LVDT-d1, and LVDT-a5 to LVDT-d5). The relative displacements between the wing-walls and the 171 

web-wall were recorded by four LVDTs which were set horizontally at each inner corner (LVDT-a2 to 172 

LVDT-d2, and LVDT-a4 to LVDT-d4). To monitor the possible sliding at the foundation interface, 173 

additional three LVDTs were set at the base of the model (LVDT-g1, LVDT-g2 and LVDT-g3); while 174 

the deformations at the middle-third zone of the web-wall were recorded by six LVDTs placed in 175 

horizontal, vertical, and diagonal directions. Additional scheme of the setup of the LVDTs can be found 176 

in Fig. 8 and in [41].  177 
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Fig. 8 Setup of LVDTs. 178 

3 Strengthened model GeoRE-IP: results and discussion  179 

The results of the in-plane cyclic test for the GeoTRM-strengthened Rammed Earth model 180 

GeoRE-IP are here discussed and compared with those of the unstrengthened model URE-IP, in terms 181 

of cracking pattern, dynamic properties, displacements, base shear coefficient, stiffness decay, energy-182 

based analysis and proposal of bi-linear and linear equivalent systems. 183 

3.1 Cracking pattern 184 

The GeoRE-IP model showed at the third cycle minor cracks in correspondence of the main crack 185 

of the previous URE-IP model (Fig. 9). Afterwards, those cracks were progressively more evident and 186 

detachment of the mortar in the surrounding areas was observed. At the final stage, further diagonal 187 

cracks opened parallel to the diagonal cracks previously observed in URE-IP model (Fig. 9), while 188 

another horizontal crack formed at the top zone of the web-wall (Fig. 9a) which was not detected in the 189 

previous URE-IP model (Fig. 9b). Further cracks were found only in the GeoRE-IP at the wing-walls 190 

close to the steel profiles, yet along an interface between rammed earth layers (Fig. 9a). In addition, a 191 

crack at the base of the left wing-wall indicated a likely rocking mechanism in the GeoRE-IP mock-up 192 

(Fig. 9a). In general, the overall cracking pattern suggested that the damage state of the previous 193 

unstrengthened structure was difficult to recover from; nonetheless, the TRM strengthening was 194 

effectively able to redistribute the loads involving entirely the structure, as demonstrated by new cracks 195 

opened in different locations with respect to the URE-IP crack pattern (Fig. 8). 196 
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  (a) (b) 

Fig. 9 Cracking pattern of: a) GeoRE-IP model, and b) URE-IP model. 197 

3.2 Dynamic properties 198 

Five natural frequencies and corresponding mode shapes were distinguished in DI-GeoRE-IP-01. 199 

The first frequency is 𝑓1 = 17.06 Hz and corresponds to an out-out-plane bending of the web-wall (Fig. 200 

10a); the second frequency is 𝑓2 = 24.68 Hz and involves the torsion of the model with its boundaries 201 

rotating out-of-plane in counterphase (Fig. 10b); the third frequency is 𝑓3 = 29.86 Hz and corresponds 202 

to a combined movement of the in-plane and out-of-plane of the web-wall at the top (Fig. 10c); the 203 

fourth frequency is 𝑓4 = 33.20 Hz and entails the out-of-plane movements of the boundaries in 204 

counterphase with the bending of the middle-section of the wall (Fig. 10d); the fifth frequency is 𝑓5 =205 

34.30 Hz and corresponds to a mode shape similar to the third mode shape (Fig. 10e). 206 

𝑓1 = 17.06 Hz 𝑓2 = 24.68 Hz 𝑓3 = 29.86 Hz 

 
 

 (a) (b) (c) 
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𝑓4 = 33.20 Hz 𝑓5 = 34.30 Hz 

  

(d) (e) 

Fig. 10 Natural vibration modes of the strengthened model obtained from the DI-GeoRE-IP-01 test: a) Mode 1, b) Mode 2, c) Mode 3, d) 207 

Mode 4, and e) Mode 5. 208 

To evaluate the influence of the TRM-strengthening on the dynamic properties of the damaged 209 

structure, a comparison between the eigenvalues of the first OMA of the strengthened wall (DI-GeoRE-210 

IP-01) and the natural frequencies of the last OMA of the unstrengthened model (DI-URE-IP-03) was 211 

conducted. The Modal Assurance Criterion (MAC) of the respective OMA is illustrated in Fig. 11, in 212 

which the red shapes refer to DI-URE-IP-03 and the blue ones are DI-GeoRE-IP-01. The results in terms 213 

of natural frequencies of DI-URE-IP-03 and DI-GeoRE-IP-01, and variance of the eigenvalues 214 

evaluated as the percentage difference on the base of DI-URE-IP-03 are summarised in Tab. 2. It can be 215 

observed that the mode shapes related to the first frequency 𝑓1, the third frequency 𝑓3 and the fifth 216 

frequency 𝑓5 of the DI-GeoRE-IP-01 paired with mode shapes of the ordered three frequencies of the 217 

DI-URE-IP-03, as 𝑀𝐴𝐶 attained reliable values in the range 0.72 – 0.95. Consequently, the comparison 218 

of the natural frequencies indicated that the TRM-strengthening influenced the modal parameters of the 219 

damaged structure. In fact, the variance of the eigenvalues resulted null for 𝑓1 and 𝑓3; whereas a 220 

difference of 4% was attained in case of 𝑓5. Nonetheless, it should be noted that, in case of DI-GeoRE-221 

IP-01, mode shapes involving the out-of-plane of the core-wall were detected with the natural 222 

frequencies 𝑓2 and 𝑓4, while such mode shapes were not observed in DI-URE-IP-03 of the damaged 223 

structure. 224 

Mode 1 Mode 3 Mode 5 
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𝑀𝐴𝐶 = 0.72 𝑀𝐴𝐶 = 0.95 𝑀𝐴𝐶 = 0.84 

Fig. 11 𝑀𝐴𝐶 between tests DI-URE-IP-03 and DI-GeoRE-IP-01. 225 

Tab. 2 Comparison of results of natural frequencies between tests DI-URE-IP-03 and DI-GeoRE-IP-01. 226 

 𝒇𝟏 [𝐇𝐳] 𝒇𝟐 [𝐇𝐳] 𝒇𝟑 [𝐇𝐳] 𝒇𝟒 [𝐇𝐳] 𝒇𝟓 [𝐇𝐳] 

DI-URE-IP-03 17.08 - 29.92 - 32.80 

DI-GeoRE-IP-01 17.06 24.68 29.86 33.20 34.30 

Variation 0 % - 0 % - 4 % 

 227 

The results of the entire sequence of dynamic identification tests on the GeoRE-IP model are 228 

reported in Fig. 12 and Tab. 3. In general, a decrease of the values of all the frequencies can be observed, 229 

which indicates likely damage in the structure. To quantify the level of damage, isotropic damage [61] 230 

between the eigenvalue 𝑖 in the first dynamic identification and in the dynamic identification 𝑛 can be 231 

assumed [62], while supposing that the seismic mass participating does not change significantly 232 

throughout the test. Considering the shape of the first mode and that the variation of the bending stiffness 233 

can be related to the variation of the thickness of the wall, the damage index results in a cubic correlation 234 

between the structural stiffness as in Eq. 1 [63]: 235 

𝑑i,n = 1 − (
𝑓i,n

𝑓i,0
)

6

 (Eq.  1) 

where 𝑓i,n represents the i-th natural frequency identified at the n-th dynamic identification test, 236 

and 𝑓i,0 is the i-th natural frequency identified at the first dynamic identification test. However, it must 237 

be attested that the considered frequencies refer to the same mode shapes. Therefore, the 𝑀𝐴𝐶 of the 238 

modes being compared must be close to 1. The resulting 𝑀𝐴𝐶 is reported in Tab. 3, which showed a 239 

general correspondence between the mode shapes of the first dynamic identification test (DI-GeoRE-240 



14 

 

IP-01) and the other dynamic identification tests (𝑀𝐴𝐶 > 0.80), except for the mode shape associated 241 

to 𝑓4 of DI-GeoRE-IP-04. Therefore, the damage indicator 𝑑 (Eq.  1) was calculated for each frequency 242 

and reported in Fig. 13 as function of the cumulative displacement of the control point achieved at the 243 

time of the 𝑂𝑀𝐴 (𝑑cum
𝑂𝑀𝐴). At the last dynamic identification test, the damage index arose in the range 244 

0.18 – 0.60, for the frequencies 𝑓1and 𝑓4 respectively. Although such level of damage is relevant for 245 

rammed earth structures, the TRM-strengthening could prevent instability and collapse of the model. 246 

 

Fig. 12 Change in frequency values of the strengthened model GeoRE-IP. 247 

Tab. 3 Natural frequencies detected for each dynamic identification DI-GeoRE-IP. 248 

 𝒇𝟏[𝐇𝐳] 𝒇𝟐[𝐇𝐳] 𝒇𝟑[𝐇𝐳] 𝒇𝟒[𝐇𝐳] 𝒇𝟓[𝐇𝐳] 

DI-GeoRE-IP-01 17.06 24.68 29.86 33.20 34.30 

DI-GeoRE-IP-02 17.07 (𝑀𝐴𝐶 = 0.97) 23.66 (𝑀𝐴𝐶 = 0.83) 29.87 (𝑀𝐴𝐶 = 0.97) 31.91 (𝑀𝐴𝐶 = 0.86) 33.23 (𝑀𝐴𝐶 = 0.91) 

DI-GeoRE-IP-03 16.81 (𝑀𝐴𝐶 = 0.95) 22.68 (𝑀𝐴𝐶 = 0.82) 29.85 (𝑀𝐴𝐶 = 0.98) 31.25 (𝑀𝐴𝐶 = 0.91) 32.92 (𝑀𝐴𝐶 = 0.93) 

DI-GeoRE-IP-04 15.78 (𝑀𝐴𝐶 = 0.94) 21.10 (𝑀𝐴𝐶 = 0.81) 28.94 (𝑀𝐴𝐶 = 0.94) 29.85 (𝑀𝐴𝐶 = 0.46) 30.92 (𝑀𝐴𝐶 = 0.87) 

 249 

 

Fig. 13 Evolution of the damage indexes of the strengthened model GeoRE-IP. 250 
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3.3 Displacement profiles 251 

The displacements achieved by the GeoRE-IP model are presented in Fig. 14, which considered 252 

the horizontal envelope profiles distinctly for both wing-walls and each direction. An almost linear 253 

envelope was observed up to the fourth cycle. Subsequently, the main horizontal crack in the web-wall 254 

re-opened and developed as a discontinuity, which was evident in the profiles of positive displacements 255 

(Fig. 14a and Fig. 14b). Subsequently, the difference in the displacements at different levels was 256 

pronounced with the increase of the target drift, suggesting the sliding of top block along the main 257 

horizontal crack. Nonetheless, such response was observed only for the positive envelopes (Fig. 14a and 258 

Fig. 14b), whereas linear profiles were detected for envelopes of negative displacements, as shown in 259 

Fig. 14c and Fig. 14d, which might be due to some asymmetry of the loading protocol (see Fig. 15). It 260 

should be noted that such asymmetry was caused by technical problems of the testing setup, in which 261 

the applied displacements in the negative direction were higher than those in the positive. Therefore, 262 

residual displacements in positive direction could be difficult to recover in the bottom part of the model. 263 

  (a) (b) 

  (c) (d) 
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Fig. 14 Deformation profiles obtained for the strengthened model GeoRE-IP: a) positive horizontal displacement of the left wing, b) positive 264 

horizontal displacement of the right wing, c) negative horizontal displacement of the left wing, and c) negative horizontal displacement of the 265 

right wing. 266 

 

Fig. 15 Asymmetric loading profile of the strengthened model GeoRE-IP. 267 

3.4 Base shear coefficient 268 

The overall curves of the cyclic test are shown in Fig. 16a, considering the displacement of the 269 

control point (𝑑CP) and the related Base Shear Coefficient (BSC), which is calculated as the ratio 270 

between the Base Shear Force (BSF), assumed equal to the force measured by the actuator, and the self-271 

weight of the wall. In addition, to analyse the different response of the model due to the repetition of the 272 

load path, the envelope of 𝐵𝑆𝐶 peaks in both directions were considered for each loop separately in Fig. 273 

16b, which resulted similar along the linear branch and part of the nonlinear behaviour. Afterwards, the 274 

𝐵𝑆𝐶 decreased from the first to the second loop in the same cycle, in particular when the maximum 275 

capacity was attained. Such difference between loops can be ascribed to the further damage induced to 276 

the structure and the TRM. It is noted that the response envelopes of both directions was similar up to 277 

the maximum positive 𝐵𝑆𝐶; subsequently, the in-plane shear capacity of the structure differed according 278 

to the loading direction due to the asymmetry of the loading profile applied (Fig. 16c).  279 

The peak 𝐵𝑆𝐹 towards the positive direction was 97.13 kN and was achieved for a displacement 280 

of 6.667 mm during the tenth cycle, to which corresponds a 𝐵𝑆𝐶 of 1.23 and a drift of 0.42%. While 281 

the peak 𝐵𝑆𝐹 towards the negative direction was 101.66 kN and was reached with a displacement of 282 

9.148 mm, which is equivalent to a 𝐵𝑆𝐶 of 1.29 and a drift of 0.57%, respectively. 283 



17 

 

  (a) (b) 

 

(c) 

Fig. 16 Response curves of the GeoRE-IP model: a) all cycles, b) overall envelope for each loading loop, and c) comparison between the 284 

negative and positive loading directions. 285 

To assess the effectiveness of the TRM-strengthening the envelope curves of GeoRE-IP were 286 

compared to URE-IP. The results showed that the strengthened rammed earth model was characterised 287 

by an early nonlinear response (Fig. 17), which confirmed that the previous damage state could not be 288 

recovered by the TRM-strengthening. Nonetheless, analysing the peak of 𝐵𝑆𝐶 for loading in the positive 289 

direction, the GeoRE-IP presented a gain of 4% in shear strength capacity that was attained with a drift 290 

increase of 600%, with respect to the unstrengthened model URE-IP; whereas, in the case of the loading 291 

in the negative direction, the strengthened model could recover up to 93% of the 𝐵𝑆𝐶, however the peak 292 

𝐵𝑆𝐶 was achieved with an increment of 235% in drift (Tab. 4). 293 
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  (a) (b) 

Fig. 17 Comparison between the envelopes of the response curves of the unstrengthened and strengthened models: a) overall curves, and b) 294 

envelope of the cycles. 295 

Tab. 4 Comparison of the main results of the unstrengthened and strengthened models. 296 

Model 

𝑩𝑺𝑭𝐩𝐞𝐚𝐤
+  

[𝐤𝐍] 

𝑩𝑺𝑪𝐩𝐞𝐚𝐤
+

 

[-] 

𝒅𝑩𝑺𝑭𝐩𝐞𝐚𝐤

+  

[𝐦𝐦] 

Drift 

[%] 

𝑩𝑺𝑭𝐩𝐞𝐚𝐤
−  

[𝐤𝐍] 

𝑩𝑺𝑪𝐩𝐞𝐚𝐤
−

 

[-] 

𝒅𝑩𝑺𝑭𝐩𝐞𝐚𝐤

−  

[𝐦𝐦] 

Drift 

[%] 

URE-IP 93.18 1.18 0.900 0.06 - 109.14 - 1.39 - 2.700 - 0.17 

GeoRE-IP 97.13 1.23 6.667 0.42 - 101.66 - 1.29 - 9.148 - 0.57 

GeoRE-

IP/URE-IP 

104 (%) 104 (%) 740 (%) 700 (%) 93 (%) 93 (%) 339 (%) 335 (%) 

 297 

3.5 Stiffness degradation 298 

Additional investigation on the deterioration due to cyclic loading was based on the evolution of 299 

the lateral stiffness. The lateral stiffness (𝐾) was individuated for each loop and it was calculated by 300 

means of linear fitting of the 𝐵𝑆𝐹 and the displacement of the control point according to different 301 

scenarios; in particular, the stiffness associated to the positive loading (𝐾LLoop
+ ) was evaluated in the 302 

range of 40% - 80% of the positive peak force; similarly, the stiffness associated to the negative loading 303 

(𝐾LLoop
− ) considered the range 40% - 80% of the negative peak force. Whereas, the stiffness due to 304 

positive unloading (𝐾ULLoop
+ ) was calculated considering 70% of the force associated to the positive 305 

peak displacement as the upper boundary till the complete unload of the structure; in such a way, only 306 

the unloading due to the reverse displacement of the cycle was taken into account. The same was 307 

performed for the stiffness due to negative unloading (𝐾ULLoop
− ), which was assessed in the range of 308 
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70% of the force associated to the negative peak displacement up to the complete unload of the structure. 309 

The values of stiffness were correlated with the cumulative displacement, calculated as the sum of the 310 

absolute values of displacement of the upper boundary of ranges up to that specific scenario, namely 311 

loading (𝑑cum
𝐾L ) and unloading (dcum

KUL ) as in (Eq.  2) and in (Eq.  3). 312 

𝑑cum
𝐾L =  ∑ |𝑑80%𝐵𝑆𝐹peak

| (Eq.  2) 

𝑑cum
𝐾UL =  ∑ |𝑑0%𝑝𝑜𝑠𝑡_𝑑peak

| (Eq.  3) 

The outcomes of the stiffness degradation of the strengthened model GeoRE-IP are presented in 313 

Fig. 18. Furthermore, Fig. 18 also compares the obtained results with those of the unstrengthened model 314 

URE-IP, in order to evaluate the influence of the TRM-strengthening on the damaged structure. As a 315 

result, a decreasing of the stiffness with the increasing of cumulative displacement was observed 316 

consequently to the development of cracks and the associated damage state. Nonetheless, the low value 317 

of the initial structural stiffness of GeoRE-IP and comparable measures of residual stiffness with URE-318 

IP confirmed that the TRM-strengthening did not recover the previous original lateral stiffness of the 319 

structure, validating the observation of the dynamic identification tests.  320 

  

(a) (b) 

Fig. 18 Stiffness degradation of the strengthened model GeoRE-IP and comparison with that of the un-strengthened one: a) loading stiffness, 321 

and b) unloading stiffness. 322 

3.6 Energy-based analysis 323 
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The energy dissipated by the structure was analysed as function of the input energy of the system 324 

for each loop and for each cycle. The dissipated energy for a complete loop (𝐸dis
Loop

) was calculated as 325 

the integral of the 𝐵𝑆𝐹- 𝑑CP curve along the entire loop (Eq.  4); while the input energy (𝐸sys
Loop

) was 326 

evaluated as the area of the 𝐵𝑆𝐹- 𝑑CP curve along the single loading path, hence up to the positive peak 327 

displacement and the negative peak displacement (Eq.  5). From here, the dissipated energy (𝐸dis
cyc

) and 328 

the input energy (𝐸sys
cyc

) for each cycle is the sum of the corresponding components of the loops (Eq.  329 

6)(Eq.  7); while the cumulative dissipated energy (𝐸dis
cum) is the cumulative sum of the dissipated energy 330 

along the test and the cumulative input energy (𝐸sys
cum) is the cumulative sum of the input energy along 331 

the test (Eq.  8) and (Eq.  9).  332 

𝐸dis
Loop

= ∮ 𝐹𝑑𝐷

Loop

i=1:2

 

(Eq.  4) 

 

𝐸sys
Loop

= ∫ 𝐹𝑑𝐷
𝐷peak

+

0

+ ∫ 𝐹𝑑𝐷
𝐷peak

−

0

 

(Eq.  5) 

 

𝐸dis
cyc

= 𝐸dis
Loop1 + 𝐸dis

Loop2 

(Eq.  6) 

 

𝐸sys
cyc

= 𝐸sys
Loop1 + 𝐸sys

Loop2 

(Eq.  7) 

 

𝐸dis
cum = ∑ 𝐸dis

cyc

cycle

n

 

(Eq.  8) 

 

𝐸sys
cum = ∑ 𝐸sys

cyc

cycle

n

 

(Eq.  9) 

 

As can be observed in Fig. 19, a linear correlation is found between the input and the dissipated 333 

energy, in spite of considering loops, cycles or cumulative energy; while a ratio of dissipated energy to 334 

input energy was found to be in a range of 57% - 64%. In addition, a slight difference is observed when 335 

the dissipated energy of two consecutive loops is compared, although the structure was led to plastic 336 

domain suggesting that the ductile capacity of the TRM-strengthening was not compromised. The 337 
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energy dissipation of the GeoRE-IP model was also analysed in comparison with that of the URE-IP 338 

model. It is noted that, although the TRM-strengthening could not recover the existing damage in the 339 

structure, it is able to provide the dissipative capacity of the original system. Indeed, for the same input 340 

energy, the GeoRE-IP model dissipated similar amount of energy as that of the URE-IP model. 341 

  (a) (b) 

 

(c) 

Fig. 19 Dissipated and input energy of the strengthened model GeoRE-IP and comparison with that of the un-strengthened one: a) loops, b) 342 

cycles, and c) cumulative energy. 343 

Subsequently, the equivalent damping coefficient was evaluated as: 344 

𝜉eq =
𝐸dis

Loop

2𝜋𝐸sys
Loop

 (Eq.  10) 

The equivalent damping coefficient (𝜉eq) is reported in Fig. 20 as a function of the input energy, 345 

which resulted almost constant throughout the test with a value of approximately 9%. Such result might 346 

be a consequence of the non-linear behaviour of the structure that occurred already at early cycles. 347 
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Fig. 20 GeoRE-IP equivalent damping coefficient for each loop. 348 

3.7 Bi-linear and linear equivalent systems 349 

As the rammed earth wall dissipated hysteretic energy, an equivalent elastic-perfectly plastic 350 

system was idealised to simplify the non-linear behaviour following the indications given in 351 

[42][43][44][45]. Accordingly, the ultimate displacement (𝑑u) of the bi-linear curve was individuated 352 

at a decrease of 15% of 𝐵𝑆𝐹peak of the experimental curve and the secant stiffness (𝐾) of the equivalent 353 

system was constrained to the 60% of 𝐵𝑆𝐹peak of the original curve. Therefore, the yielding force (𝐹y) 354 

and displacement (𝑑y) of the equivalent system were calculated balancing the energy of the 355 

experimental envelope curve and the energy of the idealised bi-linear curve. In addition, to further 356 

represent the experimental nonlinear response with an equivalent linear elastic structure, the elastic 357 

strength (𝐹e) was defined by the equivalence of the energy subtended the linear curve and the bi-linear 358 

curve and assuming the same stiffness (𝐾). Subsequently, the ductility factor (𝜇), the behaviour factor 359 

(𝑞) and the reserve strength ratio, or overstrength, (𝛾) were calculated, as in (Eq.  11), (Eq.  12), and 360 

(Eq.  13), and as indicated in [41][42][43][44][45]. 361 

𝜇 =
𝑑u

𝑑y
 (Eq.  11) 

𝑞 =
𝐹e

𝐹y
 

(Eq.  12) 

 

𝛾 =
𝐹peak

𝐹y
 

(Eq.  13) 

 

Subsequently, the equivalent elastic and elastic-perfectly plastic systems of the GeoRE-IP model 362 

were compared with the corresponding URE-IP systems (see Tab. 5 and Fig. 21). With regard to the 363 
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positive loading direction, it should be noted that the experimental curve did not achieve softening post 364 

peak due to the aforementioned problems in the testing protocol. As a consequence, since the equivalent 365 

bi-linear and linear system could not consider the actual ductile capacity of the structure, the equivalent 366 

systems for the positive loading direction are not here discussed. The GeoRE-IP model yielding force 367 

(𝐹y) and the elastic force (𝐹e) are comparable to the corresponding values of the URE-IP model, whereas 368 

the yielding displacement (𝑑y) of the equivalent GeoRE-IP system is about 323% higher than the value 369 

of URE-IP case. As consequence, the equivalent structural stiffness (𝐾) of the TRM-strengthened model 370 

is about 29% of the original URE-IP model, which reflects the experimental outcome. In addition, the 371 

equivalent ultimate displacement (𝑑u) of the GeoRE-IP model increased about 339%, highlighting the 372 

deformation capacity introduced by the TRM-strengthening, but also influenced by its lower lateral 373 

stiffness. Nonetheless, the overall ductility (𝜇) and behaviour factor (𝑞) of the GeoRE-IP model 374 

improved about 5% and 3%, respectively, compared to the original structure; while the overstrength (𝛾) 375 

can be assumed equal. 376 

Tab. 5 Comparison of parameters of the equivalent elastic-perfectly plastic and elastic systems for the un-strengthened model URE-IP and the 377 

strengthened model GeoRE-IP. 378 

Negative 

displacement 

𝑭𝐲 

[𝐤𝐍] 

𝒅𝐲 

[𝐦𝐦] 

𝑲 

[𝐤𝐍/𝐦𝐦] 

𝒅𝐮 

[𝐦𝐦] 

𝑭𝐞 

[𝐤𝐍] 

𝝁 

[-] 

𝒒 

[-] 

𝜸 

[-] 

URE-IP 102.83 0.888 115.84 3.698 278.45 4.17 2.71 1.06 

GeoRE-IP 97.49 2.865 34.03 12.533 271.40 4.37 2.78 1.04 

URE-IP/GeoRE-IP 95 (%) 323 (%) 29 (%) 339 (%) 97 (%) 105 (%) 103 (%) 98 (%) 

 379 

 Fig. 21 Comparison of the equivalent elastic-perfectly plastic and elastic systems of the URE-IP and GeoRE-IP models for loading in the 380 

negative direction. 381 



24 

 

4 Conclusions 382 

The experimental program discussed in this paper intended to evaluate the effectiveness of a 383 

TRM-strengthening solution compatible with rammed earth, by comparing the outcomes of the 384 

unstrengthened model (URE-IP) with those of the damaged model after being strengthened (GeoRE-385 

IP). The cracking pattern of the GeoRE-IP model indicated that, although the previous damage could 386 

not be recovered, the TRM-strengthening was able to redistribute the loads involving entirely the 387 

structure. The fact that the previous damage state was not recovered was demonstrated, as well, by 388 

comparing the dynamic properties of the GeoRE-IP model with those of the URE-IP model. The natural 389 

frequencies and mode shapes of the model prior and subsequently to the application of the TRM-390 

strengthening were similar. Such result was also demonstrated by analysing the degradation of the 391 

structural stiffness of the GeoRE-IP model, which at early levels of loading showed values comparable 392 

to those assessed for the damaged URE-IP model. A degradation of force due to the repetition of loads 393 

in the GeoRE-IP model was observed through the comparison of the envelopes of the 𝐵𝑆𝐹- 𝑑CP curves 394 

of each loop. Despite the GeoRE-IP model showed an early nonlinear response consequent to the former 395 

damage state of the model, the TRM-strengthening resulted effective as it allowed achieving up to 104% 396 

of the 𝐵𝑆𝐶 of the original structure for a drift increase of 600%. Therefore, the effectiveness of the 397 

TRM-strengthening was found in the enhanced dissipative capacity of the GeoRE-IP model compared 398 

to the URE-IP one, as proved by the energy dissipation in respect to the demanded energy. Similar 399 

findings were obtained in the proposed equivalent elastic and elastic-perfectly plastic systems. Indeed, 400 

the yielding and the ultimate displacements of GeoRE-IP model were, respectively, 323% and 339% 401 

higher than those of the unstrengthened model; while the ductility and behaviour factor of the 402 

strengthened model were improved by about 5% and 3% with respect of the original structure. In 403 

conclusion, the TRM-strengthening solution adopted was effective in recovering the strength capacity 404 

of the original structure while providing further dissipative and ductility capacity. Nonetheless, the 405 

overall lateral stiffness was not recovered by the strengthening technique employed, for which other 406 

repairing interventions might be required. Anyway, from the authors’ experience, the full recovery of 407 

initial lateral stiffness is hardly possible in these cases. 408 
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