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 10 

Abstract. The non-standardization of rammed earth construction involves the quality control of 11 

such a technique to be so troublesome that it is generally avoided. As a possible approach to 12 

improve the mentioned quality control, this paper deals with a series of univariate and 13 

multivariate statistical analyses concerning the correlation between a pair of non-destructive 14 

testings (rebound index and ultrasonic pulse velocity) and the compressive strength of a specific 15 

composition of rammed earth. Both non-linear (univariate) and linear (multivariate) regression 16 

models are established so that the variability of the compressive strength is accurately explained 17 

by means of both kind of non-destructive testings. 18 

Highlights: 19 

- Predicting the compressive strength is accurately explained by means of the rebound 20 

index. 21 

- The complementarity of both proposed non-destructive testing does not improve the 22 

prediction of CS. 23 

- It is possible the CS evaluation of a lime-stabilised rammed-earth wall according to UNE 24 

standards on concrete. 25 
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- Univariate and multivariate statistical techniques are implemented. 26 

Keywords: Rammed earth, ultrasonic test, rebound hammer, compressive strength, non-27 

destructive testing. 28 

1 Introduction 29 

In spite of the existence of some handbooks, guides and standards that make easier the design 30 

and site work of rammed earth construction in several countries, the quality control of such a 31 

technique is particularly difficult to be objective and quantitatively managed. 32 

Constructive materials of rammed earth (sand and gravel, clay, stabilizers, water and additives) 33 

have been dealt with in the literature as criteria to get a minimum quality level that is based on 34 

both compressive strength and other durability factors (retraction level and cracking, or 35 

cohesion and surface strength) [1–4]. Even if all such references explain how a rammed-earth 36 

wall is properly constructed, only few of them focus on the evaluation of its quality of execution 37 

[5,6]. Such an evaluation is much easier in case of dealing with techniques using industrialised 38 

materials (concrete, mortar or cooked brick), because their samples are more representatives. 39 

Moreover, there exist some guidelines or technical recommendations that regulate how to do 40 

the corresponding quality test [7–9]. In these cases, the quality is mostly evaluated according to 41 

the compressive strength of samples. 42 

Concerning rammed earth, there rarely exist studies on this topic. Some of them make use of 43 

destructive methods as, for instance, sample extraction, which is used to determine the 44 

unconfined compressive strength on executed walls [10]; or cored samples [11], which are 45 

extracted by means of drills in both compaction and transversal directions. In this last reference, 46 

it is shown that cored samples modify both mechanical and physical properties of a rammed-47 

earth wall, probably due to the contribution of water to cuts and vibrations. Moreover, even if 48 

a number of samples are elaborated from the same dosages, they are approximations of an on-49 

site executed wall, because compressive strengths by both means are not equal. 50 



Some other authors, in case of dealing with historical rammed-earth walls, choose to engrave 51 

cubical samples from rammed-earth blocks extracted from representative and almost unaltered 52 

places [12]. The cutting of this type of samples is not always possible, because of its low cohesion 53 

and high porosity. As a consequence, it is only possible to get a small number of such samples 54 

and hence, the related results are not very representative. Moreover, the existence of different 55 

sample sizes implies that the comparison among results is not direct, hence the results have to 56 

be corrected according to their size [11] and slenderness [6,13]. In any case, sample extraction 57 

in a rammed-earth wall can critically modify the outer appearance of the wall, even without 58 

ensuring that samples are either enough unaltered or in the right position to get enough 59 

representative or accurate mechanical tests. Another option aims the use of minor destructive 60 

testings, as those proposed in [14], where it is shown in a preliminary way how flat Jack and 61 

hole-drilling test can be used to determine accurately the compressive strength. 62 

Concerning non-destructive testings (NDT), ultrasonic pulse velocity (UPV) is used as a 63 

complementary test in some materials such as concrete [15,16].  Regarding rammed earth, NDT 64 

have been used to evaluate its elastic modulus, its moisture content (MC) [17], discontinuities 65 

in historical walls [18] or the unconfined compressive strength [19]. Vibration measurement has 66 

also been used in rammed earth for evaluating its elastic modulus [20]. In the case of concrete, 67 

the evaluation of compressive strength by means of both superficial hardness and rebound 68 

index is stated by UNE-EN-13791:2009 [16]. In rammed earth, some experiments have been 69 

done by making use of different types of sclerometers.  In this regard, some authors suggest the 70 

use of the original Schmidt hammer series NR/LR [21] or similar ones [22,23], which are more 71 

commonly used in concrete structures, whose compressive strength usually ranges within the 72 

interval 10 – 100 N/mm2. Nevertheless, these values are far away from those ones established 73 

by some authors for rammed earth [24,25]. There are sclerometers that are designed for softer 74 

materials, like rammed earth, whose unconfined compressive strength (UCS) is normally lower 75 

than 5 N/mm2. Thus, for instance, authors in [26] make use of the model Schmidt OS-120PT, 76 



although the calibration curves of the manufacturer are considered, which in fact are not 77 

designed for rammed earth. Even if some other authors make use of the aforementioned tool, 78 

it has been applied on rammed-earth renders [27] and following the technical recommendations 79 

of RILEM [9]. 80 

All the mentioned studies constitute a preliminary advance on the development of NDT, but it 81 

is still necessary much more experimentation in order to establish efficient methods. Moreover, 82 

it is necessary to determine some kind of criteria in order to implement NDT in a more rigorous 83 

way that allows the experimentation to be more reproducible. In this regard, the recent paper 84 

[21] constitutes a detailed study for rammed earth, although it makes use of a tool that is more 85 

adequate for superficial harder materials, like concrete. Nevertheless, the proposal of a new 86 

calibration method is novel and offers positive results concerning its implementation. 87 

Despite other more industrialised materials (such as concrete, mortar or fired brick), the quality 88 

evaluation of rammed earth by means of samples made on-site or cored samples is complicated. 89 

Keeping this fact in mind, this paper introduces the existing correlation among two NDT 90 

(ultrasonic pulse velocity and rebound index) and the unconfined compressive strength on a 91 

rammed-earth wall with a specific dosage, which can be used to evaluate the quality of the wall 92 

in a flexible and fast way, without damaging it.  In any case, it is remarkable the fact that these 93 

two NDT do not constitute substitutes of direct tests, but complementary methods that can be 94 

useful to determine the mechanical behaviour of a lime-stabilised rammed-earth wall. Further, 95 

UNE standards for concrete [9,22] are revised and adapted to the aim of this study. 96 

2 Material and methods 97 

The rammed earth that was used in this study consisted of a mixture sub-soil, and hydraulic lime 98 

HL5. The dosage to construct samples of rammed earth was 411; that is, four parts of dry soil, 99 

one part of water and one part of the hydraulic lime HL-5, according to the coding system 100 

proposed by Hall and Djerbib [28].  101 



Soil suitability was studied and assessed by means of on-site tests [29] (drop test, ribbon test, 102 

visual inspection, sedimentation) and laboratory tests: particle size distribution [30], plasticity 103 

limits [31,32], X-ray powder diffraction (XRD) proposed for determining overall mineralogy, 104 

organic matter content [33,34] and optimum water content [35]. 105 

A procedure to elaborate rammed earth specimens was developed in accordance with 106 

recommendations provided in international standards and manuals [6,13,25], and involving 107 

cube and cylindrical rammed earth samples. In order to obtain statistically representative 108 

results, 48 prismatic samples were gathered in 24 batches of two samples of 15x15x20 cm. 109 

Moulds in the current study have inner dimension 15x15x30 cm (Fig. 1). It makes possible the 110 

construction of 15x15x20 cm prismatic test tubes by means of four earth layers. The first three 111 

layers determine a sample A of 15 cm height, whereas sample B corresponds to the last layer, 112 

which is separated from the rest by means of a plastic sheet. The latter was used to determine 113 

both porosity and density. According to the UNE-EN 12504-1 standard [15], the size of a cube 114 

specimen must comply with the ratio 1:3 between the maximum aggregate size and the test 115 

specimen edge. Consequently, particles larger than 3.15 cm were discarded. Samples were 116 

identified from 1 to 48. 117 

 118 

 119 



Fig. 1. Preparation of samples from prismatic shape moulds.  120 

Optimum moisture content (OMC) and maximum dry density (D) were determined by the 121 

Proctor compaction method [35]. In order to get an earth mix moisture as uniform as possible 122 

to deal with test samples, the following procedure was implemented. Firstly, the soil was kiln 123 

dried (100℃) 48-72 hours to get a constant moisture with a 0-1% variation. Once the soil was 124 

cooled down, it was dried mixed with lime during 60-90 seconds in a concrete steel drum mixer.  125 

Next, an enough quantity of water was added to the soil to get the OMC established value, and 126 

then it was mixed by hand in order to get a uniform mix, since dry mixtures are not suitable for 127 

the above mentioned equipment. At that moment, two soil samples were taken to determine 128 

the mean of the moulding moisture content (MMC) according to the UNE-EN-ISO-17892-1 129 

standard [36]. 130 

In order to get uniformity in the compaction among the 48 test tubes, the ratio between 131 

compaction energy and volume was established according to the Proctor test [35]. The 132 

procedure to do it was similar to those ones described in [11,37], but considering manual 133 

compaction instead of mechanical means. Moreover, equations (1) to (3) were established to 134 

determine the number nm of strokes that are necessary to get the reference compaction energy 135 

(3). Since manual ramming was applied, it was necessary to establish the number of strokes (3), 136 

by considering to this end that the energy per volume of layer of cube samples (1) is equal to 137 

the energy per volume of layer of the Proctor sample (2): 138 

𝑒𝑒𝑚𝑚 = (𝑀𝑀𝑚𝑚×𝑔𝑔×ℎ𝑚𝑚)×𝑛𝑛𝑚𝑚
𝑉𝑉𝑚𝑚

 (1) 139 

𝑒𝑒𝑂𝑂𝑂𝑂𝑂𝑂 = (𝑀𝑀𝑂𝑂𝑂𝑂𝑂𝑂×𝑔𝑔×ℎ𝑂𝑂𝑂𝑂𝑂𝑂)×𝑛𝑛𝑂𝑂𝑂𝑂𝑂𝑂
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

 (2) 140 

𝑒𝑒𝑚𝑚 = 𝑒𝑒𝑂𝑂𝑂𝑂𝑂𝑂 = (𝑀𝑀𝑚𝑚×𝑔𝑔×ℎ𝑚𝑚)×𝑛𝑛𝑚𝑚
𝑉𝑉𝑚𝑚

⇒ 𝑛𝑛𝑚𝑚 = 𝑒𝑒𝑂𝑂𝑀𝑀𝑀𝑀×𝑉𝑉𝑚𝑚
(𝑀𝑀𝑚𝑚×𝑔𝑔×ℎ𝑚𝑚)

 (3) 141 



Here, eOMC = 194.28 kg· m2/s2; Mm is the weight of the rammer (3.28 kg); g is the gravity 142 

acceleration (9.8 m/s2); hm is the drop height of the rammer (0.2 m) and Vm is the volume of the 143 

layer of the cube sample (11.25x10-4 m3). 144 

To that end, compaction energy per volume was controlled by the weight of the rammer, in 145 

addition to the number of strokes and the free fall height of the rammer. The compaction energy 146 

per volume for manual ramming must correspond to the Proctor test.  147 

In order to get the same MC for all A samples, they were treated for 27 days under the same 148 

environmental conditions (20ºC±2ºC and 65±5% relative humidity).  After that, they were dried 149 

during 24 hours by heater at 90ºC, until constant weight, because the variable MC alters the 150 

ultrasonic measures according to the appendix UNE-EN 12504-4 [15], together with its 151 

mechanical behaviour. Finally, test samples were cooled down within a hermetic recipient. In 152 

this way, the variable MC was then obtained before the determination of the rebound index (R), 153 

the ultrasound pulse velocity (UPV) and the CS. Once cured and dried, open porosity (P) and dry 154 

density (D) were obtained for B samples by means of a water saturation method in vacuum. To 155 

that end, dry, saturated and hydrostatic weights were established as provided in [38].  156 

Ultrasonic tests were performed on 48 A samples with an Ultrasonic-Tester BP-7 Series 157 

(UltraTest GmbH), having a frequency of 40 kHz according to the manufacturer specifications, 158 

and following the procedures established in the UNE-EN standard [15]. In order to verify all the 159 

readings, that regulation establishes a 1% of variability in the mean of at least three values. Even 160 

if this range was initially considered in this study, it became too restrictive for a rammed-earth 161 

wall, because of the heterogeneity of the rammed-earth samples. As a consequence, after 162 

several iterations, it was concluded that the variation among propagation times over samples 163 

should be within the ± 10% of the mean of four readings. After implementing this last 164 

verification, some values were discarded and it was obtained the mean of all those readings that 165 

were filtered in each direction. This criterion was considered for determining the ultrasonic 166 



pulse velocities: X-UPV and Y-UPV for those directions that are perpendicular to the compaction 167 

direction, and Z-UPV for the compaction direction.  168 

Since the obtained results may depend on the variability of the sample tests, the sample size has 169 

been chosen large enough to ensure that each one of the variables under study is well-modeled 170 

by a normal distribution. In any case, such normality has been ensured by performing a 171 

Pearson’s chi-squared test for the sample tests concerning each variable separately. The results 172 

of such a test are shown in Table 1, where the goodness of fit of the normal model derives from 173 

the fact that all the corresponding p-values are greater than 0.5.  174 

Variables D (Kg/cm3) P % CS (MPa)  X-UPV 
(Km/s) 

Y-UPV 
(Km/s) 

Z-UPV 
(Km/s) R 

Statistic 14.25 18.75 6.00 9.00 14.25 14.25 18.75 
P-value 0.51 0.23 0.98 0.88 0.51 14.25 0.23 

Table 1. Summary statistics of Pearson’s chi-squared test for all variables under study. 175 

In order to execute the rebound index test according to the UNE-EN 12504-2 standard [39], it 176 

was used a rebound pendular hammer Schmidt OS-120PT, which is made to carry out tests in 177 

softer materials such as early-stage concrete, aerated concrete, plaster panels or mortars, which 178 

are more similar to rammed earth. Since this tool is not configured to deal with this last material, 179 

it is necessary to calibrate it for establishing the new corresponding curves between R and CS. 180 

This is indeed one of the aims of this study. In this regard, keeping in mind the instructions of 181 

the aforementioned UNE standard, the test was done for 28 days-aged samples, by means of 182 

four readings over each one of the four vertical faces and over the base of the A samples. In this 183 

way, 20 readings were obtained; that is, nine more readings than those ones that are 184 

recommended in [39]. The rebound hammer was set for its horizontal configuration, as stated 185 

in the manufacturer manual, whereas all the test specimens were supported by a levelled and 186 

solid base in order to avoid vibrations. It was not possible to make use of the upper face due to 187 

the rammer irregularities during compaction. Distances to the specimen borders were saved 188 

between strokes (fig. 2) by searching always a smooth-and-free surface of superficial loose 189 

stones and discarding the repetition of readings within the same hitting zone. Before any impact, 190 



the surface was brushed and loss material removed by means of a gridding stone. The median 191 

of the total readings was determined for each test sample. In order to validate the 192 

determination, it was checked the non-existence of more than 20% of readings with more than 193 

30% median deviation, in whose case all of them would be discarded, as it is suggested by the 194 

corresponding UNE standard [39]. 195 

 196 

Fig. 2. Cube specimen of rammed earth. Rebound hammer (a) and UPV (b) tests. 197 

CS was determined at 28 days ageing by using an electromechanical strength testing machine 198 

(TCCSL model PCI-30t) equipped with a 30-t load cell, with a loading rate of 330 N/s and breaking 199 

times of 30–90 s, by following to this end the procedure described in the UNE-EN 1015-11 200 

standard [8]. This value corresponds to the interval that is established for mortars (5 – 500 N/s) 201 

and also proposed by Hall and Djerbib [28]. The same 48 specimens tested to determine UPV 202 

and R were capped with sulfur mortar and tested in the orthogonal orientation of compaction 203 

layers in order to determine CS. 204 

3 Results 205 

3.1 Results on raw materials 206 

Sub-soil was analysed in terms of particle size distribution and is shown in Figure 3. The upper 207 

and lower limits corresponded to Hall and Djerbib [28] and should be taken as an approximate 208 

guide, since rammed earth margins are usually rather wide. It can be observed that the grain 209 

size distribution was comprehended between the two given limits, and without any 210 



discontinuity. Moreover, fine fraction (silt and clay) as represented in figure 3 were adequately 211 

chosen. As a consequence, the proposed particle size distribution constitutes an adequate 212 

consideration for elaborating rammed earth. 213 

  214 

 215 

Fig. 3. Particle grading curves for sub-soil. 216 

OMC was established for the complete dosage (lime included) in accordance with the UNE 103-217 

500 standard [35] and is shown in Figure 4. OMC is 11%, corresponding to a dry density of 2.04 218 

g/cm3. These values served as a reference to be followed during sample production.   219 



 220 

Fig. 4. OMC for the complete dosage and MC for all the batches. 221 

The ground plastic limit test was executed according to the UNE 103-104-93 standard [32], with 222 

a result of 16.60%. Moreover, the liquid limit determination was executed according to the UNE 223 

103-103-94 standard [31], with a result of 19.1%. Hence, the plasticity index is 2.5. According to 224 

Casagrande’s classification for fine soils, it corresponds to the code ML, and thus, the majority 225 

of materials passing through the 0.063 mm sieve would be silt. 226 

The MMC mean for all mixes was 11 % ±2%. Concerning the parameter MC, determined after 227 

the aforementioned procedure, it is established within the interval 1.6% ±0.5%, which 228 

constitutes an indicative of a similar MC for all test specimens.  Hence, given the referred result, 229 

MC is not considered as a variable to predict the mechanical behaviour, although its influence is 230 

well-known [40]. 231 

The mineral phases identified in the mixture of aggregates (Fig. 5) were as expected taking into 232 

account the nature of their components, calcite and quartz being the main minerals, together 233 

with K-feldespars (microcline). 234 



 235 

Fig. 5. XRD diagram corresponding to the selected sub-soil. 236 

3.2 Physical-mechanical properties 237 

All the results regarding the physical-mechanical variables considered are represented in table 238 

1, whereas table 2 contains parameters such as the mean value, the standard deviation, and the 239 

coefficient of variation, which are used to describe the distribution of values within its 240 

corresponding ranges.  241 

Density (D) and porosity (P) are opposed parameters that are related to both the mechanical 242 

behaviour of rammed earth and durability [41]. Despite that, the direct correlation of both 243 

parameters with CS is still being discussed [28]. The results here exposed show similar values for 244 

both parameters D and P, for all 48 given test samples (table 1). More specifically, these values 245 

are respectively comprehended within the intervals 1.87–2.06 kg/cm3 and 22–30%, 246 

approximately. As expected, the lower the D, the higher the P. The porosity values were 247 

therefore comprehended within the range of others for lime-stabilised rammed earth [41], but 248 

corresponding to a denser rammed earth. The mean value of P is 27.9% with a standard 249 

deviation of 1.5. Further, the mean of density values is 1.94 (Kg/cm2), with a standard deviation 250 

of 0.04, as depicted in table 2.  251 



Values of CS for the 48 specimens are shown in Table 1. All samples complied with the 252 

recommended CS as established in the NZS 4298 standard [6] and in Standards Australia [13]. 253 

The 92% of CS is comprehended within the interval 1.3 – 3.76 MPa, with mean of 2.21 MPa, 254 

standard deviation of 0.76, and a coefficient of variation of 34.24% (table 2). 255 

Specimens 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
D (Kg/cm3) 2.06 1.99 2.00 1.90 1.93 1.99 1.92 1.96 1.97 1.89 2.01 1.95 2.00 1.91 1.95 1.92 

P (%) 22.6 25.9 25.4 29.1 28.3 25.6 28.5 27.1 26.8 29.8 25.5 27.5 25.2 28.9 27.4 28.6 
CS (MPa) 2.75 2.61 1.74 1.7 2.87 3.07 2.18 1.49 3.50 2.53 2.39 1.59 3.31 3.72 3.76 2.97 

X-UPV(Km/s) 2.14 1.92 1.94 1.90 1.94 2.06 1.79 1.94 1.82 1.87 1.91 1.98 2.06 2.15 2.05 2.07 
Y-UPV(Km/s) 2.28 2.14 2.29 2.18 2.23 2.07 1.87 2.15 2.04 2.16 2.10 1.91 2.20 1.92 2.27 2.17 
Z-UPV(Km/s) 1.57 1.77 1.55 1.64 1.66 1.49 1.74 1.86 1.50 1.75 1.59 1.62 1.75 2.09 1.83 1.96 

R 67 53 43 50 56 54 56 67 59 58 61 62 66 66 57 56 
Specimens 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 
D (Kg/cm3) 1.96 1.94 1.97 1.93 1.88 2.00 1.99 1.93 1.93 1.89 1.91 1.92 1.94 1.92 1.96 1.92 

P (%) 27.0 27.5 26.5 28.1 29.8 25.5 25.9 27.6 28.0 29.8 29.1 28.8 28.1 28.5 27.4 28.4 
CS (MPa) 2.78 2.59 2.46 1.82 1.09 2.15 1.15 1.74 1.91 1.92 1.86 1.91 1.51 2.22 1.45 2.45 

X-UPV(Km/s) 1.87 2.06 1.99 2.05 1.97 2.02 2.08 2.03 2.10 1.96 2.04 2.09 2.12 2.05 2.15 2.18 
Y-UPV(Km/s) 1.89 2.20 2.15 2.17 2.06 2.13 2.47 2.08 2.13 2.04 2.12 2.27 2.38 2.34 2.47 2.30 
Z-UPV(Km/s) 1.87 1.85 1.97 1.91 1.87 1.91 2.03 1.90 1.94 1.94 1.93 1.96 1.81 1.97 1.90 1.95 

R 59 60 50 51 50 53 51 49 58 55 53 55 55 48 48 56 
Specimens 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 
D (Kg/cm3) 1.99 1.91 1.92 1.92 1.94 1.87 1.98 1.94 1.91 1.91 1.95 1.92 1.93 1.90 1.90 1.90 

P (%) 26.5 29.3 28.4 28.4 28.1 30.3 28.1 28.1 29.1 28.9 27.5 28.7 28.0 29.4 29.4 29.5 
CS (MPa) 2.41 1.95 3.15 1.39 0.41 0.71 2.07 2.79 1.32 1.89 3.00 2.98 1.34 2.86 2.38 2.25 

X-UPV(Km/s) 2.17 2.29 1.95 1.81 1.98 2.09 1.79 1.82 1.86 1.81 2.12 1.98 1.96 1.93 1.94 2.02 
Y-UPV(Km/s) 2.30 2.39 2.23 2.13 2.14 2.06 2.19 1.84 1.96 1.98 2.21 2.18 2.20 2.31 2.19 2.34 
Z-UPV(Km/s) 1.99 2.06 1.84 2.04 1.95 2.01 1.87 1.86 1.87 1.87 1.92 1.98 1.91 1.75 1.80 1.79 

R 54 60 54 56 56 55 53 60 52 58 55 63 51 46 58 49 
Table 2. D, P and CS of the specimens, UPV for the RE specimens in X, Y and Z orientations, and rebound index R. 256 

 257 

Variables D (Kg/cm3) P % CS (MPa)  X-UPV 
(Km/s) 

Y-UPV 
(Km/s) 

Z-UPV 
(Km/s) R 

Standard deviation (σ) 0.04 1.5 0.76 0.12 0.12 0.15 5.33 
Mean (Dm) 1.94 27.9 2.21 2.00 2.03 1.85 55 

 Coefficient of variation (%)   2.06 5.3 34.3 6.0 5.9 8.1 9.6 
Table 3. Summary statistics of all variables under study. 258 

3.3 Ultrasonic pulse velocity and rebound index 259 

After curing for 28 days, the 48 cube A specimens were tested with the ultrasonic pulse device, 260 

as described for the method. Each sample was measured before testing the ultrasonic pulse 261 

velocity in order to determine its height, length and width (in cm) and thus establish the UPV 262 

(m/s) for each orientation. According to Table 1, the lowest UPV is 1.79 km/s, which corresponds 263 

to the X orientation (test tube 39), whereas the highest is 2.47 km/s in the Y orientation (test 264 

tube 23). Further, Table 2 shows that the mean of UPV for all 48 test samples in the X and Y 265 



orientations are, respectively, 2.0 Km/s and 2.03 Km/s, both of them with a standard deviation 266 

of 0.12. Concerning the Z orientation, its mean is 1.85 Km/s, with a similar standard deviation. 267 

In Table 1, mean values are represented for each set of readings related to each test samples of 268 

type A at 28 days. It can be observed how R values are comprehended within the interval 43 – 269 

67, where the hammer is designed for a range 0 – 200. Therefore, R mean value is 55, with a 270 

standard deviation of 5.33 (Table 2). Moreover, the coefficient of variation is 9.64%, which is the 271 

second highest for all the studied variables, after that one of the variable CS, which is 34.24%. 272 

3.4 Statistical analysis 273 

In order to assess the quality of rammed earth walls by means of NDT, and also to make further 274 

predictions for the case of this material, it has been carried out a regression analysis on the 48 275 

samples that have previously been described. To this end, it has been made use of the statistical 276 

software Statgraphics Centurion. The regression analysis establishes the best statistical models 277 

(see Fig. 6) fitting the relationship between the dependent variable CS and each one of the four 278 

independent variables R, X-UPV, Y-UPV and Z-UPV. The coefficients of determination (R2) of 279 

these four models establish the dependent variable CS to be predictable, respectively, in 97.04%, 280 

96.68%, 96.76% and 96.83%. 281 



 282 

 283 

Figure 6. Regression analysis curves, being a) correlation between CS and R; b) Correlation between CS and X-UPV; c) Correlation 284 

between CS and Y-UPV, and d) Correlation between CS and Z-UPV.  285 

In Figure 6, regression curves between the variable CS and each one of the four variables under 286 

consideration are shown in solid wide lines. The interval between both closest solid lines around 287 

each regression curve constitutes the 95% confidence interval for the CS mean of given samples, 288 

whereas that one between the two most distant solid lines around each regression curve 289 

determines the 95% confidence interval for predicted new observations. It can be observed in 290 

particular that almost all the samples in Figure 6 are within the 95% confidence intervals for 291 

predicted new observations. 292 

On the other hand, it has also been carried out a second kind of regression model (in this case, 293 

a linear multivariate one) in order to determine the best relationship among the dependent 294 

variable CS and all the rest of variables R, X-UPV, Y-UPV and Z-UPV. With a 95% confidence level 295 

and a R2 of 0.9122, such a model is given by the following equation:  296 

𝐶𝐶𝐶𝐶 =  0.613036 · 𝑋𝑋-𝑈𝑈𝑈𝑈𝑈𝑈 +  0.555896 · 𝑌𝑌-𝑈𝑈𝑈𝑈𝑈𝑈 −  1.47851 · 𝑍𝑍-𝑈𝑈𝑈𝑈𝑈𝑈 +  0.0469029 · 𝑅𝑅 297 



Concerning this, for each one of the four independent variables (R, X-UPV, Y-UPV and Z-UPV), it 298 

is indicated in Table 3:   299 

• The standard error of the residuals with respect to such a statistical model. 300 

• The p-value, which indicates, in case of being greater than 0.05, that an independent 301 

variable is not statistically significant within the linear model and hence, it could be 302 

removed from the equation without degrading the model. In this regard, observe that 303 

there are only two parameters with significant relevance in our statistical model: R and 304 

Z-UPV.  305 

Independent 
variable 

Standard error p-value 

X-UPV 0.870803 0.4851 

Y-UPV 0.75761 0.4670 

Z-UPV 0.689156 0.0375 

R 0.016827 0.0078 

Table 4. Multivariate analysis among CS and the variables R, X-UPV, Y-UPV and Z-UPV. 306 
 307 

Keeping in mind all the previous results, the study focused again on a linear regression model 308 

that determines the best statistical model fitting a linear relationship among the dependent 309 

variable CS and both variables R and Z-UPV. With a 95% confidence level and a R2 of 0.9111, the 310 

just mentioned model is defined as follows:  311 

𝐶𝐶𝐶𝐶 =  − 0.63456 · 𝑍𝑍-𝑈𝑈𝑈𝑈𝑈𝑈 +  0.0610895 · 𝑅𝑅 312 

The standard error of the residuals and the p-value of each independent variable are shown in 313 

Table 4. Observe that, according to its p-value, the independent variable Z-UPV could be 314 

removed from the resulting equation without degrading significantly the model. This agrees with 315 

the previously mentioned fact that the best coefficient of determination among the statistical 316 

models shown in Figure 6 was that one corresponding to Figure 6a, which ensures a R2 of 0.9704 317 

of the values of the dependent variable CS with respect to those of the independent variable R.  318 



Independent 
variable 

Standard error p-value 

Z-UPV 0.431325 0.148 

R 0.01143954 0.0001 

Table 5. Multivariate analysis among CS and the variables R and Z-UPV. 319 

4 Discussion 320 

As it is detailed in Table 2, the standard deviations of all the three variables UPV are similar and 321 

smaller than that one of the variable R, whereas the standard deviation of the variable CS is 322 

comprehended in an intermediate interval. Moreover, it can be observed how all the 323 

coefficients of variation are smaller than 20%, except for that one of the variable CS, which 324 

becomes 34%, giving rise to a higher dispersion of the data. Nevertheless, the highest coefficient 325 

of variation of the four variables under consideration (R, X-UPV, Y-UPV and Z-UPV) corresponds 326 

to the variable R, whose distribution is closer to that one of the variable CS. As such, it is 327 

confirmed again the fact that R is the most accurate variable in order to predict the values of 328 

the variable CS, as it was already indicated in the exposed statistical analysis. 329 

Due to it, it can be ensured the existence of separate relationships among these variables 330 

derived from both proposed NDT. Although the coefficient of determination of R is similar to 331 

those corresponding to UPV, the rebound hammer results turn out to be statistically more 332 

accurate than UPV readings to predict CS. In this regard, it is well known the set of factors that 333 

have influence on UPV (see appendix B of [15]), such as water in pores, temperature, shape and 334 

size of the sample or internal cracks. Since these issues are related to a heterogeneous mass, 335 

the readings from ultrasonic pulse test may be uneven.  336 

With respect to the rebound test, among other parameters, the condition of the surface may be 337 

highlighted for playing a major role in the performance of the results. Other parameters, such 338 

as the dosage, moisture content, weight, slenderness, age, and tensional state imply variations 339 

on the readings, but in this case, all of them are have been controlled for the sample population, 340 

as it is discussed in the section of material and methods. If the sample is well anchored, avoiding 341 



shifting, and the testing surface meets certain simple criteria that will be explained, readings 342 

tend to be uniform and hence the correlation with the CS becomes more accurate. 343 

The established equation for Z-UPV regarding with the univariate analysis is inversely 344 

proportional to CS, being by the contrary X-UPV and Y-UPV directly proportional. As discussed 345 

by [42], in terms of mechanical performance, rammed earth could be considered an anisotropic 346 

material in certain situations. It is also known the relation between the Young Modulus (E) and 347 

UPV, by which the more UPV, the greater E value [17,43]. Certain equations has been proposed, 348 

such as [17] to establish these parameters in the case of earthen materials. Other studies, such 349 

as [44], have suggested that, in case of highly porous building limestone, a reliable linear 350 

correlation between UPV and CS exists. In this study, the regression analysis between X-UPV and 351 

Y-UPV becomes the best fitting equation where the aforementioned relation is followed. 352 

Nevertheless, in the case of Z-UPV, the best fitting equation implies a reverse relation, since a 353 

greater UPV corresponds to a lesser CS, for which the corresponding coefficient of 354 

determination is 0.9683. Nevertheless, this physical-mechanical behaviour is not in accordance 355 

with the stated soil mechanics as an isotropic material that has been claimed by certain authors 356 

[42]. If current data of Z-UPV is to be adjusted to a linear model similar to X-UPV and Y-UPV, the 357 

alternative mathematical regression (Fig. 7) would present a lower correlation coefficient (R2= 358 

0.87). Therefore, in order to confirm this above-mentioned result, it would be necessary to carry 359 

out further research to obtain a wider range of dataset for Z-UPV and CS. For instance, it would 360 

also be considered other rates of compaction bellow and above the given maximum dry density 361 

that was established for the 48 samples (2.04 gr/cm3). Since the proposed methodology to 362 

manufacture samples by manual ramming involves the number of strokes, by configuring 363 

different numbers, several compaction sets will be achieved.  The resulted data might draw a 364 

more complete scatter plot so that a clearer tendency would be obtained for Z-UPV. 365 



 366 

Figure 7. Alternative regression model for the correlation between CS and Z-UPV.  367 

If mean values are evaluated separately for X-UPV, Y UPV and Z-UPV, it can be observed that X 368 

and Y orientation show similar values, namely 2.00 km/s and 2.03 km/s, while Z-UPV yield a 369 

value of 1.85 km/s. The possible cause of this minor difference may rely on the uneven surface 370 

of the top face of the samples. The UPV readings carried out in the X and Y directions always 371 

involved regular and flat surfaces since all faces were in contact with the formwork. 372 

Nevertheless, for Z-UPV the top face was indeed where compaction took place, so UPV probes 373 

did not adjust as smoothly as for X and Y directions, even if considering the use of a coupling 374 

material for the UPV probes. However, further research is needed to discard or confirm this 375 

hypothesis. 376 

The multivariate analysis that has been made in this study establishes a coefficient of 377 

determination R2 of 0.9122 among the variable CS and the rest of variables under consideration. 378 

This enables us to ensure a linear dependence among all the variables. Observe that this 379 

assertion is completely true in case of dealing with each one of the four variables, namely X-380 

UPV, Y-UPV, Z-UPV and R, which are zero whenever the variable CS is zero. The multivariate 381 

analysis among the variables CS, R and the variable Z-UPV established a coefficient of 382 

determination R2 of 0.9111, which is less than the coefficient of determinations resulting from 383 



the aforementioned regression analysis.  Even if the former is a high value, this fact determines 384 

that both NDT (R and UPV) are not supplementary to establish a relationship with the variable 385 

CS. Hence, in case of being interested in predicting the value of the compressive strength of a 386 

rammed-earth wall by means of NDT, the use of the rebound index is more accurate by itself 387 

than complementing it with the ultrasonic pulse velocity.  388 

The procedure that has been implemented in this study in order to determine the compressive 389 

strength of lime-stabilised rammed-earth walls by means of NDT, has been confirmed by means 390 

of a statistical analysis. Such a procedure has been designed according to two referred standard 391 

of concrete, UNE-EN 12504-2 and UNE-EN 12504-4, for R and UPV, respectively. Keeping in mind 392 

the heterogeneity of rammed-earth materials, it has been necessary to adapt the initial criteria 393 

in order to validate the readings obtained by UPV with respect to the referred standards. The 394 

latter establishes that the variation of readings has to be smaller than 1% with respect to the 395 

mean in order to be valid. In this study, this value has been increased up to 10% in order to get 396 

accurate readings in all the directions and without implying a high dispersion of data. The 397 

statistical analysis shows that UPV values of samples are homogeneous and give rise to an 398 

accurate coefficient of variation (see Table 2). Nevertheless, it is considered that the number of 399 

readings per specimen should be greater than the regulated one. The authors recommend a 400 

minimum of 4 readings per each direction, namely X, Y, and Z, for cubic test tubes with 15 cm 401 

on each side. 402 

On the other hand, R has been dealt with in this study according to the UNE-EN 12504-2 standard 403 

[39], without establishing any modification of the criteria for the reading validation. The 404 

execution of the corresponding test requires the following remarkable criteria: (a) to save the 405 

separation distances above commented with the sample borders and between each impact 406 

area; (b) to have a number of representative readings (16-20 readings have demonstrated 407 

suitable); and (c) to keep in mind that no more than 20% of readings must be greater than 30% 408 

of the median value. Moreover, it is confirmed the influence of the R  in the D, as Bui suggested 409 



in [21]. In consequence, it is important not to repeat readings over the same area. In fact, the 410 

analysed specimens enable us to ensure a linear statistical dependence between both variables 411 

R and D, because the corresponding linear regression establishes a R2 value of 0.9913. 412 

5 Conclusions 413 

This research analysed the physical-mechanical properties and their relationship with 414 

ultrasounds and rebound hammer index for a specific composition of lime-stabilised rammed 415 

earth. The following conclusions may be drawn from the analysis of results: 416 

 Ultrasound and rebound hammer index are complementary non-destructives 417 

techniques that can be used to qualitatively evaluate the quality of execution of a rammed-earth 418 

wall. In order to obtain a quantitative evaluation it would be necessary to modify certain fixed 419 

parameters, such as different rates of compaction for the same dosage.  In any case, these 420 

results would only be valid to evaluate that precise type of material. 421 

The developed statistical analysis gives rise to a coefficient of determination among variables 422 

that ensures an accurate prediction of the behaviour of the compressive strength by means of 423 

both NDT. In fact, the equations and its corresponding plots proposed in the statistical analysis 424 

may be used as calibration curves for this kind of lime-stabilised rammed earth.  425 

 Further, the statistical analysis also shows that the use of ultrasound by itself can be an 426 

accurate test to evaluate the variable CS, but it does not improve the rebound index test.  427 

 Finally, it has been statistically proved the accuracy of the proposed procedure to 428 

determine both variables UPV and R by means of NDT according to the current UNE standards. 429 

Nevertheless, in case of dealing with UPV, the authors recommend a minimum of 10% of reading 430 

dispersion, due to the fact that rammed earth is more heterogeneous than concrete. 431 
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