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ABSTRACT: This paper presents an investigation of the mechanical properties of three different earth building 11 
materials that have been manufactured by compacting two soils with markedly distinct particle size distributions 12 
under two substantially different efforts. Distinct samples of each one of the three materials have been equalised 13 
inside a climatic chamber at different humidity levels or have been oven-dried, before being subjected to shearing 14 
inside a triaxial cell to measure the corresponding levels of strength and stiffness. Triaxial shearing has also been 15 
performed under different levels of radial stress to investigate the influence of the lateral confinement of the 16 
material inside building walls. Consistent with previous research, the study has indicated that strength and stiffness 17 
increase as ambient humidity reduces and degree of saturation decreases, though the actual variation of both these 18 
properties strongly depends on the material dry density and clay content. Most importantly, particle grading has 19 
emerged as a key material parameter, whose impact on earth building has often been overlooked in the past. Particle 20 
grading now appears to influence strength and stiffness even more than compaction effort, dry density and average 21 
particle size, which are typically quoted as some of the most important variables in the design of earth building 22 
materials. 23 
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1. INTRODUCTION 25 

The expression “raw earth”, or “unstabilised earth” indicates a building material consisting of a 26 
compacted mix of soil, water and sometimes stabilising additives, which is put in place with the least 27 
possible transformation [1]. Compared to standard engineering materials, the use of raw earth can lead 28 
to reductions in both carbon emissions and energy consumption not only during the construction but 29 
also during the service life of a building [2,3]. The hydrophilic nature of raw earth explains the ability 30 
of this material to regulate humidity and temperature inside dwellings, thus increasing the comfort of 31 
occupants without requiring energy-intensive air conditioning [4]. Unfortunately, despite these 32 
advantages, the deployment of raw earth into construction practice has so far been very limited due to 33 
the insufficient knowledge of important aspects of material design. For example, there is still 34 
considerable lack of information about the influence of the index properties of the earth (e.g. particle 35 
grading) on the strength, stiffness and hygro-thermal inertia of the compacted material at different 36 
ambient humidity levels.  37 
 38 
The engineering behaviour of earth building materials is strongly influenced by pore water content, 39 
which is in turn linked to the relative humidity of the surrounding air. A decrease of ambient humidity 40 
produces an increase of capillary suction, with a corresponding decrease of pore water saturation, and 41 
vice versa. Experimental procedure replicating climatic conditions in different regions of the world are, 42 
however, still scarce and only few studies have focused on the impact of relative humidity on pore 43 
suction and material strength [1,5-10]. These studies have indicated that both strength and stiffness 44 
increase non-linearly as suction increases and degree of saturation reduces, levelling off at very high 45 
levels of suction. These findings are also consistent with the Fisher [11] capillarity model, which predicts 46 
that the stabilising effect of a water meniscus at the contact between two spherical particles grows with 47 
increasing suction towards an asymptote.  48 



 49 
Jaquin et al. [1] were among the first to investigate the interaction between earth building materials and 50 
surrounding atmosphere by performing unconfined compression tests on samples air-dried to different 51 
water contents. The study showed that strength and stiffness increase when water content decreases from 52 
10.2 % to 5.5 %, which is however still higher than the typical water content of 1-2 % in field conditions 53 
[12]. Similarly, Bui et al. [6] measured the unconfined compressive strength of earth materials with 54 
different grading over a range of water contents from a level of about 11%, corresponding to the 55 
condition immediately after manufacture, to 1-2 %, corresponding to the condition after equalisation in 56 
the field. Also in this case, the mechanical properties of the material exhibited a progressive deterioration 57 
with increasing water content increased and reducing suction. Nevertheless, the study highlighted that a 58 
slight increase of pore moisture from the field level of 1-2 % to no more than 4% (due, for example, to 59 
intense rainfall or a change of ambient humidity) did not induce a significant drop of strength. 60 
 61 
Interestingly, the impact of particle grading and clay content on material performance has been mostly 62 
overlooked by past research. Current earth building guidelines only recommend specific classes of soils, 63 
whose particle size distribution and clay content fit within admissible bands, but the effect of grading 64 
and clay content on strength and durability remains unclear [13]. Earlier studies [13-16] have suggested 65 
that soil with clay content varying from as low as 5% to as high as 30% is acceptable for earth buildings.  66 
However, despite all the given recommendations, there is still no consensus on a generalized set of 67 
selection criteria for soil used for earthen construction.  68 
 69 
Beckett and Augarde [5] were among the few authors who investigated the effect of clay content on the 70 
strength of earth building materials showing that, regardless of humidity and temperature levels, a clay 71 
content near the recommended minimum corresponds to the highest material strength. They argued that 72 
this behaviour is due to the larger water retention of the clay fraction as, at any given suction, the smaller 73 
pore network of finer soils holds moisture in bulk rather than pendular form [17]. A large base of 74 
geotechnical research has also demonstrated that finer soils exhibit higher water contents than coarser 75 
soils at any given suction level [18]. A relatively high clay content might therefore undermine the 76 
strength of earth building materials, especially in humid environments.  77 
 78 
In another study, Xu et al. [10] amended a natural soil with different proportions of fine sand to produce 79 
three different earth building materials with clay contents of 35%, 26%, and 17%, respectively. They 80 
then performed a series of triaxial tests on all three materials equalised at different levels of relative 81 
humidity observing that the mechanical properties strongly depend on both ambient humidity and clay 82 
content. In particular, both shear strength and stiffness decreased with an increase in relative humidity 83 
but the magnitude of the reduction depended on the clay content. An increase in relative humidity led 84 
to more ductile behaviour while a lower relative humidity produced a relatively brittle response, 85 
especially at high clay contents. In contradiction with Beckett and Augarde [5], they observed that, for 86 
the same levels of relative humidity and confining pressure, the shear strength tended to increase with 87 
growing clay content (within the range of values investigated). However, the magnitude of this increase 88 
tended to decrease with increasing relative humidity due to the softening action of water on clay. Other 89 
studies e.g. Delinière et al. [19], Kouakou and Morel [20] and Taylor et al. [21] have also verified the 90 
above conclusions. Conflicting opinions have been raised instead by Hamard et al. [22], who reported 91 
that an increase in clay content does not always result in an increase in shear strength and that there is 92 
an optimum clay content corresponding to the maximum shear strength. Beyond this optimum value, a 93 
further increase of clay content leads to more shrinkage, and thereby to a reduction in shear strength, 94 
although it should be noted that these studies [22] specifically focused on ready-mixed clay plasters 95 
rather than compacted earth.  96 
 97 
Past studies have also shown that denser earth materials exhibit larger values of stiffness and strength 98 
[9,23-26]. Bruno et al. [27] found that dry density increases less than linearly with growing compaction 99 
effort whereas strength and stiffness increase more than linearly with growing dry density. The strength 100 
of highly compacted earth is generally between 4.2-10MPa [27], which is comparable to the strength of 101 
chemically stabilised earth materials [28-31]. In this respect, particle grading may play an important role 102 



as it governs the ability of the earth to assemble into a dense structure when compacted under a given 103 
effort.  104 
 105 
This paper addresses some of the above issues by presenting an experimental investigation of the 106 
simultaneous effects of particle grading, dry density and ambient humidity on the mechanical behaviour 107 
of raw earth building materials. Unlike previous laboratory studies which have been mostly restricted to 108 
unconfined compression tests, this research focuses on the measurement of stiffness and strength inside 109 
a triaxial cell under variable levels of radial confinement.  110 

2. MATERIALS AND METHODS 111 

2.1.  MATERIALS CHARACTERISATION 112 

The base soil used in the present work has been provided by the brickwork factory Bouisset from the 113 
region of Toulouse (France). Figure 1 shows the particle size distribution of this soil [32] together with 114 
the recommended lower and upper limits according to current guidelines for the manufacture of 115 
compressed earth bricks [33-35]. 116 

 117 

Figure 1: Particle size distribution of the base soil in relation to existing recommendations for the manufacture of 118 
compressed earth bricks by AFNOR [33]; CRATerre-EAG [34] and MOPT [35] (after Cuccurullo et al. [32]). 119 

The main properties of the base soil, including the Atterberg limits measured on the finer fraction (i.e. 120 
the fraction smaller than 0.400 mm), were determined in a previous study [32] and are summarised in 121 
Table 1. Previous studies [36] have indicated a predominantly kaolinitic clay fraction with a limited 122 
tendency to swell/shrink upon wetting/drying, which is advantageous for earth building. Figure 2 shows 123 
the plasticity properties of the soil with reference to the Casagrande chart, which indicates the material 124 
to be a low plasticity clay [32]. Figure 2 also indicates that the soil fits inside the recommended plasticity 125 
regions for the manufacture of compressed earth bricks according to AFNOR [33]; CRATerre–EAG 126 
[34] and Houben and Guillaud [37]. 127 

Table 1: Main properties of the base soil (from Cuccurullo et al. [32]). 128 

Particle size distribution Atterberg limits 

Gravel content (> 2 mm, %) 0 Plastic limit wP (%) 18.7 

Sand content (≤ 2 mm, %) 31 Liquid limit wL (%) 29.0 

Silt content (≤ 63 μm, %) 35 Plasticity index IP (%) 10.3 

Clay content (≤ 2 μm, %) 34 Mineralogical composition 

Clay activity A (-) 0.30 



Specific gravity Gs (-) 2.65 
Goethite, Muscovite, Orthose, Kaolinite, 

Quartz, Calcite 

 129 

 130 

Figure 2: Plasticity properties of the base soil in relation to existing recommendations for the manufacture of 131 
compressed earth bricks by AFNOR [33]; CRATerre-EAG [34] and Houben and Guillaud [37] (from Cuccurullo 132 

et al. [38]). 133 

As with previous studies (e.g. [32]) the base soil was then blended with 68% of silica sand (by overall 134 
dry mass) to obtain a second earth mix with a clay content equal to the recommended minimum. Figure 135 
3 shows the particle size distribution of the added silica sand, whose grading is monodisperse with grain 136 
dimensions between 0.06 and 2 mm.  137 

 138 

Figure 3: Particle size distribution of added sand in relation to existing recommendations for the manufacture of 139 
compressed earth bricks by AFNOR [33]; CRATerre-EAG [34] and MOPT [35] (after Cuccurullo et al. [32]). 140 

Table 2 summarizes the composition of the two earth mixes considered in this study, i.e. earth mix 1 141 
that is the base soil and earth mix 2 that is a blend of the base soil and silica sand. Figure 4 shows the 142 
particle size distributions of the two mixes in relation to the recommended limits for the manufacture of 143 
compressed earth bricks [33-35] and indicates that earth mix 1 exhibits a well-graded particle 144 
distribution, which is slightly finer than the upper limit and a clay content coinciding with the maximum 145 
value. Conversely, earth mix 2 exhibits a poorly-graded particle size distribution, which cuts through 146 
the admissible band, and a clay content corresponding to the minimum value. The particle size 147 
distribution of earth mix 2 falls entirely inside the recommended grading band while that of earth mix 1 148 
is slightly outside. The deviation of earth mix 1 from current guidelines is, however, not significant and 149 
both mixes are compliant with existing recommendations.  150 



Table 2: Composition of the two earth materials (after Cuccurullo et al. [32]). 151 

Material Base soil percentage [%] Added sand percentage [%] Clay content [%] 

Earth mix 1 (base soil) 100 0 ≈32 

Earth mix 2 32 68 ≈10 

 152 

 153 

Figure 4: Particle size distribution of earth mixes in relation to existing recommendations for the manufacture of 154 
compressed earth bricks by AFNOR [33]; CRATerre-EAG [34] and MOPT [35] (after Cuccurullo et al. [32]). 155 

2.2 EARTH COMPACTION 156 

Figure 5 presents the standard Proctor compaction curve for earth mix 1 as previously determined in 157 
[38] in compliance with the French norm NF P94-093 [39]. For ease of interpretation, Figure 5 also 158 
shows the equisaturation lines, which converge towards the ‘‘no porosity’’ point defined by zero water 159 
content and a dry density equal to that of the particles. Inspection of Figure 5 indicates a maximum dry 160 
density of 1.97 g/cm3, which corresponds to an optimum water content of 12.4%.  161 

Figure 6 shows instead the hyper-compaction curves of earth mixes 1 and 2 under a large static pressure 162 
of 100 MPa [32]. The hyper-compacted earth was vertically compressed inside a 50 mm diameter 163 
cylindrical mould using a load-controlled Zwick/Roell Amsler HB250 press with a capacity of 250 kN 164 
by two cylindrical pistons at the top and bottom of the sample. This double compression mechanism 165 
increases the uniformity of compaction stress and, hence, material fabric across the sample height 166 
compared to the case of single compression where the load is applied on only one side of the sample. 167 
This happens because, during double compression, the friction between the earth and mould creates two 168 
opposite gradients of compaction stress that extend from each sample extremity to the middle section. 169 
Instead, during single compression, the same friction generates a single gradient of compaction stress 170 
that extends over a larger distance between the two extremities of the sample. Additional details of this 171 
procedure are available in Cuccurullo et al. [32] and Bruno [27].  172 

Inspection of Figure 6 shows that the better graded and finer earth mix 1 exhibits considerably higher 173 
values of dry density compared to the more poorly-graded and coarser earth mix 2. The optimum water 174 
content corresponding to the highest dry density is 4.88 % for earth mix 1 and 6.50 % for earth mix 2, 175 
while the corresponding dry densities are 2.31 g/cm3 and 2.12 g/cm3. Comparison of Figures 5 and 6 176 
indicates that the hyper-compaction procedure results in a significantly denser material with a 177 
considerably lower value of the optimum water content compared to the standard Proctor compaction, 178 
as might be expected.  179 



 180 

Figure 5: Standard Proctor compaction curve for earth mix 1 (after Cuccurullo et al. [38]). 181 

 182 

Figure 6: Hyper-compaction curves, corresponding to the application of a static pressure of 100 MPa, for earth 183 
mixes 1 and 2 (after Cuccurullo et al. [32]). 184 

2.3 TRIAXIAL TESTING PROGRAM 185 

Earth samples of 50 mm diameter and 100 mm height for triaxial testing were manufactured by one-186 
dimensional static compaction under either an equivalent Proctor load or at 100 MPa (hyper-187 
compaction).  188 
 189 
Proctor compacted samples of earth mix 1 were fabricated by sieving the dry material through a 2 mm 190 
mesh and subsequently mixing it with the optimum water content of 12.4 % (see Figure 5). The moist 191 
soil was then statically compacted in 10 layers to attain the maximum value of the Proctor dry density 192 
(see Figure 5). During compaction, care was taken in scarifying the surface of each layer before 193 
compacting the next. Hyper-compacted samples of both earth mixes 1 and 2 were fabricated at their 194 
respective optimum water contents, i.e. 4.88 % and 6.50 % (see Figure 6), following the procedure 195 
described in the previous section. Both hyper-compacted and Proctor compacted samples were statically 196 
compacted. 197 
 198 
Twelve samples of each one of the three materials (i.e. Proctor compacted earth mix 1, hyper-compacted 199 
earth mix 1 and hyper-compacted earth mix 2) were manufactured and subsequently divided into four 200 
sets of three samples. One set was oven-dried for three days at a temperature of 105 °C while the other 201 
three sets were equalised inside a climatic chamber at relative humidity levels of 25%, 62% and 95%, 202 
respectively, and constant temperature of 25 °C. The samples in the climatic chamber were weighed 203 



every day until equalisation. Equalisation was assumed to be complete when the sample mass changed 204 
less than 0.1 % over at least one week, which took generally 15 days. The total suction, 𝜓 at equilibrium 205 
was calculated from the imposed values of temperature, T and relative humidity, RH according to 206 
Kelvin’s law as: 207 

𝜓 = − 
 𝑅 𝑇

𝑉𝑚
 ln(𝑅𝐻)                          (1) 208 

where R is the gas constant and Vm is the molar volume of water. The values of total suction calculated 209 
using Equation 1 are shown in Table 3.  210 
 211 
The diameter, height and mass of the equalised samples were measured prior to testing inside the triaxial 212 
cell. At the end of the test, three earth fragments of about 50 grams each were taken at the top, middle 213 
and bottom of the specimen to determine the water content according to the French norm NF P 94-050 214 
[40]. The water content was calculated as the average of these three measurements, which were generally 215 
similar, thus confirming the uniformity of moisture content across the sample. From the measured 216 
sample volume V, mass W, water content w and specific gravity of solid particles Gs, the corresponding 217 
values of bulk density ρb, dry density ρd, void ratio e, degree of saturation Sr and porosity n were 218 
calculated (assuming a specific water weight 𝛾𝑤 =  1 𝑘𝑁/𝑚3) as:  219 

𝜌𝑏  =
𝑊

𝑉
                          (2) 220 

𝜌𝑑  =  
𝜌𝑏

(1+𝑤)
                          (3) 221 

𝑛 =  1 −
𝜌𝑑  

𝜌𝑤 𝐺𝑠

                          (4) 222 

𝑆𝑟  =  
𝑤  𝜌𝑑

𝑛 𝜌𝑤
                          (5) 223 

Table 3 summarises the average values of these parameters for each set of three samples. It is here 224 
assumed that the sample moisture content did not change during the test and, therefore, the values in 225 
Table 3 coincide with those at the end of the test. Due to experimental problems, reliable measurements 226 
of water content could not be obtained for the hyper-compacted samples of earth mix 2 at humidity 227 
levels of 62% and 95%, which explains the gaps in Table 3. The value of total suction for the oven-dry 228 
material is also absent from Table 3 as it could not be calculated from Equation 1 due to absence of 229 
information about the ambient humidity inside the furnace. 230 

Table 3: Samples properties after oven-drying or equalisation at different humidity levels. 231 

Relative 

humidity, 

RH [%] 

Bulk 

density,  

ρb [g/cm3] 

Water 

content, 

w [%] 

Dry  

density, 

ρd [g/cm3] 

Porosity, 

n [%] 

Degree of 

saturation, 

Sr [%] 

Total 

suction, 

𝝍 [MPa] 

Hyper-compacted earth mix 1 

Oven-dry 2.28 0 2.28 14.1 0 - 

RH = 25 % 2.31 0.68 2.29 13.4 11.7 190 

RH = 62 % 2.33 2.24 2.28 13.9 36.7 65 

RH = 95 % 2.38 4.61 2.28 14.0 74.9 7 

Hyper-compacted earth mix 2 

Oven-dry 2.12 0 2.12 20.1 0 - 

RH = 25 % 2.12 0.36 2.11 20.3 3.78 190 



RH = 62 % 2.15 - - - - 65 

RH = 95 % 2.13 - - - - 7 

Proctor compacted earth mix 1 

Oven-dry 1.95 0 1.95 26.3 0 - 

RH = 25 % 1.99 0.88 1.97 25.6 6.76 190 

RH = 62 % 1.98 2.43 1.93 27.1 17.3 65 

RH = 95 % 2.09 4.91 1.99 24.9 39.3 7 

Inspection of Table 3 indicates that the equalisation of earth mix 1at distinct humidity levels produces 232 
different degrees of saturation and this is significantly more evident for the hypercompacted samples 233 
than for the Proctor compacted ones. The sensitivity of degree of saturation to ambient humidity is 234 
therefore likely to be higher for earth building materials than standard geotechnical fills due to the higher 235 
dry density of the former materials compared to the latter ones. Moreover, different degrees of saturation 236 
correspond to distinct magnitudes of inter-particle capillary bonding and, therefore, distinct levels of 237 
material strength and stiffness. To explore this aspect, the three materials equalised at different humidity 238 
levels were sheared inside a triaxial cell with an axial displacement rate of 0.06 mm/min. In particular, 239 
the three samples of each set were sheared under different radial stresses of 0 kPa, 300 kPa and 600 kPa, 240 
respectively, to investigate the effect of the lateral confinement of the earth inside thick walls. 241 
Throughout the tests, the back-pressure line was open to the atmosphere to allow the drainage of pore 242 
air from the unsaturated samples. The flow of vapour through the back-pressure line was considered 243 
negligible and the sample water content was therefore assumed constant. Shearing was continued until 244 
failure, which generally took between 23 and 35 minutes depending on the test.  245 
 246 
Test results were subsequently processed to determine the values of the initial Young’s modulus and 247 
peak strength for each confining pressure and humidity level. In particular, the initial Young’s modulus 248 
was measured as the slope of the stress-strain curve over the low pressure range, i.e. up to 20% of the 249 
peak compressive strength, where the material response is reasonably linear.  250 

3 RESULTS AND DISCUSSION 251 

Figure 7 shows the stress-strain curves measured during the triaxial tests on the hyper-compacted 252 
samples of earth mix 1 equalised at distinct humidity levels under different confining pressures. Figure 253 
7 shows that, at all humidity levels, the peak strength increases by a margin of between 30% and 50% 254 
as the confining stress increases from zero to 600 kPa, which highlights the beneficial effect of lateral 255 
confinement on material strength.  256 

Inspection of Figure 7 shows that, at a given confining pressure, the peak stress increases as the ambient 257 
humidity decreases. This provides further evidence of the inverse relationship between strength and 258 
degree of saturation due to the progressive formation of capillary menisci at particle contacts during 259 
desaturation, which bond earth grains together and therefore improve the mechanical characteristics of 260 
the material [5,41]. The largest strength levels, in excess of 20 MPa, were measured on dry samples. 261 
Dry samples should by definition contain no capillary water menisci at all and be, in principle, no 262 
different from water saturated samples and therefore exhibit the lowest values of strength. However, in 263 
reality, the residual presence of a small quantity of adsorbed inside the oven-dry samples, subjected to 264 
extremely high tensile stresses, firmly bond earth particles together. Inspection of Figure 7 also indicates 265 
that the response of the samples changes from fragile to ductile as humidity increases, with the highest 266 
level of brittleness observed on the oven-dry samples. Therefore, an increase of ambient humidity 267 
produces a considerable reduction of shear strength but also enhances the material ability to undergo 268 
plastic deformation before failure. 269 



 270 

 271 

 272 



 273 

Figure 7: Results from triaxial tests on the hyper-compacted earth mix 1 at different confining pressures and 274 
distinct humidity levels: oven-dry (a), 25 % (b), 62 % (c), 95 % (d). 275 

Figure 8 shows the stress-strain curves measured during the triaxial tests on the hyper-compacted 276 
samples of earth mix 2 where, as before, peak stress increases as relative humidity decreases at all 277 
confining pressures. As in the case of earth mix 1 (Figure 7), the highest strength levels were measured 278 
on the oven-dry samples with a maximum of about 6 MPa, which is significantly lower than the 279 
corresponding maximum of earth mix 1. Inspection of Figure 8 also confirms the change in mechanical 280 
behaviour from fragile to ductile as relative humidity grows, thus increasing the ability of the material 281 
to deform plastically before failure. The beneficial effect of lateral confinement on the mechanical 282 
response of the material is more marked than in the previous case, with an increase of strength that can 283 
be six-fold as the radial stress grows from zero to 600 kPa at constant humidity. 284 

The comparison of the triaxial response of earth mix 2 (Figure 8) and earth mix 1 (Figure 7) indicates 285 
that strength and brittleness are significantly lower in the former case compared to the latter, despite 286 
both mixes are hyper-compacted and exhibit particle size distributions that are admissible according to 287 
existing guidelines (Figure 4). Interestingly, the only difference between these two earth mixes relates 288 
to the dispersion of the grain sizes, which corresponds to a well-graded fine material in the case of earth 289 
mix 1 and a poorly-graded coarse material in the case of earth mix 2. This grading difference is also 290 
reflected by the significantly different levels of dry density produced by an identical compaction effort 291 
(Figure 6). This means that very different mechanical responses can be obtained inside the admissible 292 
grading band of Figure 4 and that a fine well-graded earth can produce considerably higher strength 293 
levels than a coarse poorly-graded earth. Therefore, for a fixed compaction effort, coarser materials will 294 
not always generate higher levels of strength, as frequently implied, because of the role of particle 295 
grading, whose importance may even outstrip that of average particle size. 296 

 297 



 298 

 299 

 300 

Figure 8: Results from triaxial tests on the hyper-compacted earth mix 2 at different confining pressures and 301 
distinct humidity levels: dry (a), 25 % (b), 62 % (c), 95 % (d). 302 

Figure 9 shows the stress-strain curves of the triaxial tests on the Proctor samples of earth mix 1 where 303 
similar conclusions can be drawn regarding the effect of ambient humidity on material strength. 304 
Inspection of Figure 9 indicates a maximum three-fold increase of strength with growing radial stress 305 
from 0 to 600 kPa at constant humidity, which corresponds to an intermediate response with respect to 306 
the previous two cases. Most importantly, Figure 9 indicates that the strength levels measured on the 307 
Proctor compacted samples of earth mix 1 are generally higher than those recorded on the hyper-308 
compacted samples of earth mix 2 (Figure 8), despite the former samples exhibiting a markedly lower 309 
density than the latter ones. An earth material of relatively low density with a well-graded particle size 310 
distribution can therefore exhibit strength levels that are higher than those of a considerably denser 311 



material with a poorly-graded distribution. This confirms, once again, the key role of particle grading in 312 
enhancing material strength, a role which appears even more significant than that of material density. 313 
This is an important conclusion that has not found adequate space in previous studies, which have 314 
instead focused on compaction as the main means of improving mechanical strength. 315 

Finally, a comparison between the Proctor compacted (Figure 9) and hyper-compacted (Figure 7) 316 
samples of earth mix 1 shows that strength levels are significantly higher in the latter than the former. 317 
This is an expected result as, for a given particle size distribution, a stronger compaction effort generates 318 
a larger density and hence higher strength levels. Perhaps less intuitive is the greater ductility of the 319 
Proctor compacted samples compared to the hyper-compacted ones, although the trend is consistent with 320 
the observed increase of ductility with decreasing strength at higher levels of humidity.  321 

 322 

 323 

 324 



 325 

Figure 9: Results from triaxial tests on the Proctor compacted earth mix 1 at different confining pressures and 326 
distinct humidity levels: dry (a), 25 % (b), 62 % (c), 95 % (d). 327 

To help readability, Figure 10 shows the evolution of maximum axial stress as function of relative 328 
humidity at different confining pressures of 0 kPa, 300 kPa and 600 kPa.  329 

330 

 331 



 332 

Figure 10: Evolution of peak axial stress as function of relative humidity at different confining pressures: 333 
unconfined (a), 300 kPa (b) and 600 kPa (c). 334 

The effect of degree of saturation on mechanical characteristics can be synthetically described by 335 
comparing, for each material, the strength and stiffness envelopes at constant levels of ambient humidity.  336 

The strength envelopes are obtained by plotting the values of peak deviator stresses 𝑞, measured from 337 
three tests at each humidity level, against the corresponding values of mean stresses 𝑝. These 338 
experimental values are then interpolated by the following linear equation:   339 

𝑞 = 𝐶 + (𝑀 𝑝)                                       (7) 340 

where the coefficients C and M are respectively the intercept and slope of the strength envelope at each 341 
humidity level. The above coefficients can also be converted into corresponding values of cohesion c 342 
and friction angle φ by means of the following equations:  343 

𝑀 =  
6 sin 𝜑

3−sin 𝜑
                          (8) 344 

𝐶 =  
6 𝑐 cos 𝜑

3−sin 𝜑
                         (9) 345 

Figures 11, 12 and 13 show the strength envelopes of the hyper-compacted earth mix 1, hyper-346 
compacted earth mix 2 and Proctor compacted earth mix 1, respectively. Similarly, Tables 4, 5 and 6 347 
summarise the values of the strength parameters of the hyper-compacted earth mix 1, hyper-compacted 348 
earth mix 2 and Proctor compacted earth mix 1, respectively.  349 

 350 

Figure 11: Strength envelopes of hyper-compacted earth mix 1 at different humidity levels. 351 



 352 

Figure 12: Strength envelopes of hyper-compacted earth mix 2 at different humidity levels. 353 

 354 

Figure 13: Strength envelopes of Proctor compacted earth mix 1 at different humidity levels. 355 

Table 4: Strength parameters of hyper-compacted earth mix 1 at different humidity levels. 356 

 M [-] φ [°] C [MPa] c [MPa] 

OVEN-DRY 2.31 56.6 3.53 2.31 

RH = 25 % 1.74 42.3 4.20 2.20 

RH = 62 % 1.12 28.2 4.77 2.28 

RH = 95 % 1.24 30.8 3.15 1.52 

 357 

Table 5: Strength parameters of hyper-compacted earth mix 2 at different humidity levels. 358 

 M [-] φ [°] C [MPa] c [MPa] 

OVEN-DRY 1.96 47.4 0.60 0.33 

RH = 25 % 1.88 45.7 0.38 0.21 

RH = 62 % 1.80 43.9 0.32 0.18 

RH = 95 % 1.70 41.4 0.34 0.17 

 359 



Table 6: Strength parameters of Proctor compacted earth mix 1 at different humidity levels. 360 

 M [-] φ [°] C [MPa] c [MPa] 

OVEN-DRY 1.72 41.9 1.94 1.01 

RH = 25 % 1.53 37.5 1.46 0.73 

RH = 62 % 1.41 34.9 1.22 0.60 

RH = 95 % 1.53 37.6 0.56 0.29 

 361 

Inspection of Figures 11-13 and Tables 4-6 indicates that an increase of ambient humidity produces a 362 
decrease of friction angle that is more marked in the hyper-compacted samples than in the Proctor 363 
compacted ones. Among the hyper-compacted samples, the decrease is most evident for earth mix 1 as, 364 
in this case, the value of the friction angle decreases from 56.6° to 30.8° as the humidity level increases 365 
from oven-dry conditions to 95% (Table 4).  As for the Proctor compacted samples of earth mix 1, the 366 
friction angle changes relatively little with ambient humidity which is consistent with the approximately 367 
parallel strength envelopes of Figure 13. 368 

Conversely, a variation of ambient humidity produces a change of cohesion that, in relative terms, is 369 
more modest for the hyper-compacted samples (Tables 4 and 5) than for the Proctor compacted ones 370 
(Table 6). This is also shown graphically by Figures 11 and 12 where the strength envelopes of the 371 
hyper-compacted materials tend to converge towards a point as the mean stress reduces towards zero. 372 
The trend is clearest for the hyper-compacted earth mix 1, whose cohesion is approximately constant at 373 
all humidity levels (Table 4), apart from a slight deviation at a humidity of 95 % when a larger scatter 374 
of data is also observed.  375 

Figures 14, 15 and 16 show the stiffness envelopes of the hyper-compacted earth mix 1, hyper-376 
compacted earth mix 2 and Proctor compacted earth mix 1, respectively. These envelopes are obtained 377 
by plotting the values of the initial Young’s modulus 𝐸, measured from the three tests under different 378 
confinement levels, against the corresponding values of radial stress 𝜎 at each humidity level. Inspection 379 
of Figures 14, 15 and 16 indicates that, as already observed for the material strength, an increase of 380 
ambient humidity produces a decrease of stiffness. The effect of lateral confinement is less evident than 381 
in the case of material strength as the stiffness remains relatively constant with growing radial stress at 382 
constant humidity. Only in the case of the oven-dry samples is a clear increase of stiffness with growing 383 
radial confinement observed. In general, however, stiffness measurements present a larger scatter and a 384 
more uncertain trend compared to strength measurements, which reflects the relatively high inaccuracies 385 
associated to the determination of the initial Young’s modulus. 386 

 387 

Figure 14: Stiffness envelopes of hyper-compacted earth mix 1 at different humidity levels. 388 



 389 

Figure 15: Stiffness envelopes of hyper-compacted earth mix 2 at different humidity levels. 390 

 391 

Figure 16: Stiffness envelopes of Proctor compacted earth mix 1 at different humidity levels. 392 

4 CONCLUSIONS 393 

This paper has presented an experimental investigation of the simultaneous effects of particle grading, 394 
dry density and ambient humidity on the mechanical behaviour of earth building materials. Three earth 395 
building materials have been manufactured from soils with markedly distinct particle size distributions 396 
and compacted under significantly different efforts. In general, for a given earth mix, the variation of 397 
the hydro-mechanical properties with ambient humidity strongly depends on the dry density of the 398 
material. This emphasizes the specific nature of earth building materials, which tend to be much denser 399 
than standard geotechnical fills. 400 
 401 
Particle grading has emerged as a key parameter governing the mechanical performance of earth 402 
materials, whose influence appears even more significant than that of dry density. The present study has 403 
shown that the strength and stiffness of the Proctor-compacted earth mix 1 are generally higher than 404 
those of hyper-compacted earth mix 2 despite the former material having a markedly lower density. It 405 
may be a surprise that an earth material of relatively low density exhibits higher levels of strength and 406 
stiffness than those of a considerably denser one, even more so if both earth mixes exhibit index 407 
properties (i.e. particle size distribution and plasticity characteristics) that comply with current building 408 
recommendations. This apparently counterintuitive result can be explained by the different particle 409 
grading of the two earth mixes, which is more uniform in the case of earth mix 1 compared to earth mix 410 
2. The role of earth grading has often been overlooked but instead appears key for achieving high levels 411 
of strength and may even transcend the influence of average particle size and compaction effort. The 412 



findings of this study have therefore prompted further research on the optimisation of earth mixes for 413 
building applications starting from a revision of current guidelines about the identification of suitable 414 
index properties for the base soil. 415 
 416 
In line with previous investigations, the present study has also found that: a) the material ductility (i.e. 417 
the ability of the material to undergo significant plastic deformation before failure) tends to increase 418 
with decreasing strength, b) the mechanical characteristics of a given earth mix tend to improve with 419 
growing dry density and c) the mechanical characteristics of a given earth mix, compacted at a given 420 
density, tend to deteriorate under high levels of ambient humidity. Regarding this last point, an increase 421 
of ambient humidity produces an augmentation of degree of saturation and a consequent reduction of 422 
strength and stiffness, which is accompanied by an increase of ductility.  423 
 424 
Finally, at all humidity levels, strength increases significantly as the confining stress becomes larger, 425 
which highlights the beneficial effect of lateral confinement inside building walls. The magnitude of 426 
this increase depends on both particle grading and density, though the largest improvement of strength 427 
is obtained, in this case, for the poorly graded earth mix 2 whose strength increases up to six-fold when 428 
the radial stress grows from zero to 600 kPa. Conversely, material stiffness remains generally constant 429 
when radial stress grows at constant humidity. 430 
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