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Abstract. The paper compares the effect of different compaction procedures on the porosity and mechanical 

characteristics of earthen materials. In a first series of tests, a very high static pressure, up to 100 MPa, is applied to 

the soil for a sufficient period of time to allow consolidation (hyper-compaction). This method produces materials 

with very high densities up to 2300 kg/m
3
 and good mechanical properties, which are suitable for the construction of 

masonry structures. In a second series of tests, the soil is compacted according to the standard Proctor method, which 

is the reference compaction procedure for the design of geotechnical fills such as dams and embankments. In the 

Proctor method, the soil is dynamically compressed by means of a much lower effort compared to hyper-compaction. 

All specimens are equalized under identical hygro-thermal conditions and subjected to unconfined compression tests 

to measure stiffness and strength. It is shown that hyper-compacted specimens exhibit physical and mechanical 

properties that are comparable with those of traditional building materials for masonry structures. Finally, mercury 

intrusion porosimetry tests are performed to study the effect of the compaction method on the pore structure of the 

material. 

1 Introduction  

Earthen materials are widely used in civil engineering. 

Dams and embankments are among the most common 

earthen structures but dwellings made of raw earth are 

also spread worldwide. In all cases, the compaction 

process represents a crucial stage during material 

manufacturing. Compaction also affects the hydraulic 

behaviour by changing the porosity and fabric of the 

earthen material. 

Current compaction methods produce mechanical 

properties that are weaker than those of conventional 

materials for masonry construction (e.g. fired bricks, 

stabilized earth or concrete blocks ). These methods must 

therefore be significantly enhanced if unstabilized earthen 

materials are to be widely used in the construction of 

large buildings. 

A considerable number of studies have analysed the 

influence of compaction effort on the mechanical 

properties of earthen materials [1-5]. These studies agree 

that a higher compaction effort increases the dry density 

and, consequently, the stiffness and strength of the 

material. These studies also show that, for a given 

compaction effort, there is an optimum value of water 

content for which the highest density and the best 

mechanical properties are achieved.  

Past studies have focused on the effect of 

compaction on the porosity and fabric of fine-grained 

soils, such as silty clays [6] or swelling clays [7], which 

are most relevant to geotechnical applications. 

  

Relatively few studies however exist about the 

compaction of coarser soils used in the construction of 

raw earth dwellings. 

In this context, the present work investigates the 

effect of different compaction methods on both the 

mechanical and microstructural properties of a relatively 

coarse soil suitable for raw earth construction. Two 

compaction methods are compared, namely the standard 

Proctor method, which represents a norm in geotechnical 

construction, and an innovative static compaction method 

applying very high levels of pressure (hyper-

compaction). As expected, the stiffness and strength of 

the material vary widely depending on the chosen 

compaction procedure, which confirms that material 

properties can be tailored to different applications by 

selecting an appropriate compaction procedure. For 

example, hyper-compaction generates mechanical 

properties that are comparable with those of conventional 

building materials. The effect of compaction procedure 

on pore fabric is also analysed by means of mercury 

intrusion porosimetry tests. Results from these tests 

confirm that, when compaction effort increases, the 

porosity reduces and the mechanical properties of the 

material improve.  

Finally, it is observed that a higher compaction 

effort reduces the variability of physical and mechanical 

properties between specimens, thus facilitating the 

quality control of material properties. 
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2 Material and methods 

2.1 Material 

The soil used in the present work has been provided by a 

brickwork factory from the region of Toulouse in France. 

Table 1 shows some of the relevant properties of the soil. 

The grain size distribution has been determined by both 

wet sieving and sedimentation in compliance with the 

norms XP P94-041 [8] and NF P 94-057 [9]. The 

plasticity properties of the fine fraction (i.e. fraction 

smaller than 400 µm) have been measured in agreement 

with the norm NF P94-051 [10]. In particular, the liquid 

limit, plastic limit and plasticity index have been 

determined as the average of four independent tests. The 

specific gravity of solid particles has been obtained by 

means of the pycnometer test according to the norm NF P 

94-054 [11]. 

 Bruno et al. [12] show that the grain size 

distribution and the plasticity properties of the material 

used in this work satisfy the requirements for raw earth 

construction [13-16]. 

Clay activity, defined as the ratio between the 

plasticity index and the clay fraction (i.e. the fraction 

smaller than 2 µm), is equal to 0.79. This classifies the 

clay fraction as normally active [17], which is consistent 

with mineralogy information from the soil provider that 

indicates a predominantly illitic material with a small 

quantity of montmorillonite. Illite is a three-layers clay 

with good bonding characteristics and a limited swelling 

potential upon wetting, which makes it particularly suited 

to raw earth construction [18]. 

2.2 Compaction procedure  

Hyper-compacted samples were statically compressed at 

pressure levels of 25 MPa, 50 MPa and 100 MPa. The 

lowest pressure level of 25 MPa is comparable to that of 

the most powerful presses currently available on the 

market for the manufacture of compressed earth blocks. 

The other two pressure levels (chosen according to a 

geometrical progression with ratio of two) are, to the 

authors’ knowledge, the highest ever applied during 

production of medium-scale compressed earth samples. 

Prior to compaction, 500 grams of dry soil were 

mixed with the desired amount of water by using an 

electrical planetary mixer for at least 15 minutes. This 

Table 1. Material properties. 

Grain size distribution 

Gravel  > 2 mm 0.4 % 

Sand 0.063 – 2 mm 40.4 % 

Silt  0.002 – 0.063 mm 42.9 % 

Clay < 0.002 mm 16.3 % 

Plasticity properties 

Liquid limit, wL  33.0 % 

Plastic limit, wP 20.1 % 

Plasticity index, IP 12.9 % 

Activity A  0.79 

Specific gravity of soil solids 

Gs 2.66 

time is sufficient to ensure a good distribution of 

moisture throughout the soil [5]. The moist soil was 

subsequently placed inside two plastic bags to prevent 

evaporation and left to equalize for at least one day so 

that moisture could redistribute across the soil. After this, 

the soil was placed inside a cylindrical mould with a 

diameter of 50 mm and compressed to the required 

pressure by using a load-controlled Zwick press with a 

capacity of 250 kN. Pressure was applied to the soil by 

two cylindrical aluminium pistons acting at the top and 

bottom of the specimen (Fig. 1). This double-piston 

compression action reduces the friction between the 

mould and the sample, thus increasing the uniformity of 

stresses inside the soil. A finely perforated aluminium 

disk and filter papers were placed between the top and 

bottom surfaces of the specimens and the respective 

pistons to facilitate drainage of pore air/water from the 

soil during compaction. Also, eight longitudinal fine 

grooves were cut along the lateral surfaces of the two 

pistons to create a preferential path for drainage at the 

interface between the outer surface of the pistons and the 

inner surface of the mould. More details about this 

compaction technique are available in Bruno et al. [12]. 

After compaction, specimens were cut down to a 

height of 100 mm by trimming the excess soil from the 

top and bottom extremities. The water content of the 

trimmed soil was measured by drying at 105°C until 

attainment of constant weight according to norm NF P 

94-050 [19]. The water content of the specimen was then 

taken as the average of the top and bottom values. The 

water contents measured from the top and bottom 

trimmings were very similar suggesting that distribution 

moisture is uniform across the entire specimen.  

Proctor compacted samples were obtained in 

compliance with the norm NF P 94-093 [20]. A fixed 

mass of 2250 gr of dry soil was mixed with the desired 

amount of water by means of a planetary mixer for at 

least 15 minutes and then stored for at least one day in 

two plastic bags. The moist soil was subsequently 

compacted in a standard Proctor mould in three layers.  

 

 

 

 

Figure 1. Hyper-compaction set-up 
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Each layer was compacted by 25 blows of a 2.490 

kg hammer falling from a fixed height of 305 mm. After 

compaction, a cylindrical specimen of 50 mm diameter 

was cored from the larger Proctor sample. The cored 

specimen was then cut down to a height of 100 mm by 

trimming the excess soil from the top and bottom 

extremities. The remaining soil from the larger Proctor 

sample was used to determine the water content. Three 

samples of about 50 gr each were taken at three different 

heights of the initial Proctor sample and dried at 105°C 

until weight became constant [19]. The water content was 

then determined as the average of these three 

measurements.  

For each specimen, three measurements of diameter 

were taken at different heights and three measurements of 

height were taken at different angles. The volume of the 

sample was then calculated from the average values of 

diameter and height. The mass of the sample was finally 

measured by using a scale with a resolution of 0.01 g. 

Based on the measured values of mass, water content, 

volume and specific gravity, it was possible to calculate 

bulk density, dry density, porosity and degree of 

saturation.  

3 Results 

3.1 Compaction curves  
 

For each compaction level, the experimental values of 

dry density against the corresponding water contents are 

plotted in Fig. 2 together with the respective interpolating 

curves. For each compaction curve, the highest dry 

density corresponds to the optimum value of water 

content. The optimum water content becomes 

progressively smaller, while the corresponding density 

becomes progressively larger, as the compressive energy 

increases from Proctor compaction to static compaction 

at 25 MPa, 50 MPa and 100 MPa. This means that, as the 

effort increases, the compaction curve shift towards the 

theoretical point in which all porosity is erased and the 

dry density becomes equal to the density of the soil 

particles. The optimum dry density increases less than 

linearly with compaction pressure, i.e. the increase in dry 

density from 25 MPa to 50 MPa is greater than the 

increase in dry density from 50MPa to 100MPa. It would 

therefore be necessary to apply an unfeasibly high 

pressure to attain the theoretical “no porosity” point.  

Prior to mechanical testing, the compacted 

specimens were equalized inside a climatic chamber at a 

temperature of 25°C and relative humidity of 62%. 

Equalization took about 15 days and was considered 

complete when the specimen mass changed less than 

0.1% over at least one week. This equalisation stage prior 

to mechanical testing was considered essential to avoid 

any influence of different hygro-thermal conditions on 

the measured mechanical properties [21; 22].  

During equalization, all samples experienced desaturation 

and shrinkage as water content reduced to about 3.5% 

and dry density increased, especially for the wetter 

samples. The specimens compacted at the highest 

pressure of 100 MPa showed very similar values of dry 

density at the end of equalization (Fig. 3). This suggests 

that application of a high compaction pressure reduces 

the dependency of the material properties measured after 

equalization on the compaction water content, thus 

resulting in better quality control of the final product. On 

the contrary, samples manufactured at smaller pressures 

show, after equalization, variable values of dry densities 

depending on the water content at the time of 

compaction.  

 

 

  

Figure 2. Comparison between standard Proctor compaction 

curve and hyper-compaction curves at 25 MPa, 50 MPa and 100 

MPa. 

 

 

 

Figure 3. Change in dry density and water content during 

equalization. 
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3.2 Measurement of stiffness  
 

Young modulus was measured by performing five 

unconfined loading-unloading cycles, at a loading rate of 

0.005 MPa/s, between one ninth and one third of the 

estimated compressive strength (strength was estimated 

as the average value from two tests on randomly chosen 

samples for each compaction level). Axial displacements 

were measured between two points at a distance of 50 

mm by means of two transducers placed on diametrically 

opposite sides of the specimen.  

Due to the hysteretic response of the material 

during the loading-unloading cycles [5], the Young 

modulus was determined as the average slope of the 

unloading branches of the five cycles. This was based on 

the assumption that material behaviour is elasto-plastic 

during loading but essentially elastic during unloading. 

Fig. 4 shows the values of Young modulus plotted 

against dry density for all specimens. Note that the values 

of dry density in Fig.4 are those after equalisation (and 

hence before testing), which are shown in Fig. 3. 

Inspection of Fig.4 confirms the inadequacy of the 

Proctor compaction method to manufacture earthen 

materials with sufficient stiffness to be used in masonry 

construction. Conversely, the statically compacted 

specimens showed much higher values of Young 

modulus with a variation of one order of magnitude 

between the specimens compacted at 100 MPa and those 

compacted according to Proctor. 

Interestingly, Young modulus grows more than 

linearly with increasing dry density. Therefore, any small 

increase of dry density beyond the current maximum 

value of 2280 kg/m
3
 would produce a significant 

augmentation of Young modulus. Of course, the dry 

density of the compacted specimens cannot be higher 

than the density of the soil particles (corresponding to the 

“no porosity” point in Fig. 2). In addition, the attainment 

of this theoretical limit is problematic from a practical 

point of view as previously discussed. 

 

3.3 Measurement of compressive strength 
 

The same specimens tested to measure Young 

modulus were subsequently loaded to failure to measure 

the unconfined compressive strength. 

 

 
Figure 4. Variation of Young modulus with dry density  

The accuracy of strength measurements can be affected 

by sample slenderness and friction with press plates [23, 

24]. In this study, the slenderness ratio was equal to two 

(i.e. cylindrical specimens with height of 100 mm and 

diameter of 50 mm were used), which is considered 

sufficient to avoid measurements errors. In addition, 

Teflon spray was employed to reduce friction between 

the press plates and the specimen top and bottom 

surfaces. To avoid any dynamic effect, all tests were 

performed with a displacement rate of 0.001 mm/s, which 

was the slowest rate that could be applied by the press.  

Fig. 5 shows the variation of the measured peak 

strength with dry density after equalization. Similar to the 

measurement of Young modulus, compressive strength 

increases more than linearly with increasing dry density. 

Thus, a small increase of dry density beyond the 

maximum value measured in this study could lead to a 

significant augmentation of compressive strength. Bruno 

et al. [12] showed that the compressive strength of 

specimens compacted at a pressure of 100 MPa is already 

comparable with that of conventional masonry materials 

such as stabilised earth blocks and fired earth bricks. 

 

3.4 Mercury intrusion porosimetry tests 
 
After the measurement of compressive strength, small 

fragments of about 4 grams were taken from the failed 

specimens to perform mercury intrusion porosimetry 

(MIP) tests. These small specimens were re-equalised for 

a week at a temperature of 25°C and a relative humidity 

of 62% to avoid any potential change of material fabric 

caused by the environmental conditions inside the 

laboratory during testing. The small specimens were 

subsequently freeze-dried [25, 26] to remove all pore 

water without altering material fabric.  

Freeze-drying consisted in dipping the specimens in 

liquid nitrogen (-196°C) until boiling finished and then 

exposing them to vacuum at -50°C of temperature for at 

least two days in order to sublimate the frozen pore 

water. After this, specimens were subjected to MIP tests 

and the results were interpreted according to Washburn 

equation : 

 

      ∆P = 4 γ cosθ /dpore    (1) 

    

Figure 5. Variation of compressive strength with dry density  
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Figure 6. Cumulative volume and pore size distribution : 

comparison Proctor standard and high-pressure compaction.  

 

 

 
Figure 7. Cumulative volume and pore size distribution : 

comparison Proctor and 100 MPa. 

 

By assuming cylindrical pores, Equation 1 allows the 

calculation of the pore diameter dpore as a function of the 

pressure difference across the mercury interface ∆P, the 

mercury surface tension γ and the mercury contact angle  

θ. A surface tension of 485 dyn/cm and a contact angle of 

147° are assumed as suggested by Diamond [27] for 

illitic soils. 

Figs. 6a and 6b show the cumulative intruded 

volume and pore size distribution of specimens 

compacted, according to the different procedures, at their 

respective optimum water contents. Inspection of Fig. 6a 

indicates that the increase of compaction effort induces a 

large reduction in porosity, which is consistent with the 

observed differences in terms of mechanical properties. 

The increase of compaction effort affects the biggest 

pores (i.e. pores with diameter larger than 100 nm) while 

the influence on smallest pores (i.e. pores with diameter 

smaller than 100 nm) is very limited.  

Figs. 7a and 7b compare the cumulative intruded 

volume and pore size distribution of two specimens 

compacted according to the Proctor method and two 

specimens statically compacted at a pressure of 100 MPa. 

For each compaction method, the two specimens were 

chosen at the same dry density but on the dry and wet 

sides of the optimum water content, respectively. The two 

Proctor specimens exhibit different pore fabrics 

depending on the compaction water content. In particular, 

the specimen compacted wet of optimum shows a lower 

porosity than the one compacted dry of optimum. This is 

due to the significant shrinkage during equalisation. 

Conversely, the two specimens compacted at 100 MPa 

show an almost identical pore fabric. This is consistent 

with the very similar dry densities and mechanical 

properties exhibited after equalization by all specimens 

compacted at 100 MPa regardless of their compaction 

water content. This confirms that application of a high 

compaction pressure can standardize the material 

properties and reduce the variability associated to the 

compaction water content.  

4 Conclusions 

The paper has studied the influence of the compaction 

procedure on the mechanical and microstructural 

properties of unsaturated earthen materials. The standard 

Proctor compaction method has been compared with a 

high pressure “hyper-compaction” method developed by 

the authors for the manufacture of masonry bricks. 

Results have showed that stiffness and strength 

increase more than linearly with increasing dry density. 

Hyper-compaction is capable of producing specimens 

with very high levels of dry density, never attained before 

for unstabilized earth materials. Mechanical tests 

confirmed that the hyper-compacted specimens exhibit 

values of strength and stiffness comparable to traditional 

building materials such as stabilized earth or fired bricks. 

Conversely, the lower compaction effort of the Proctor 

method is insufficient to generate mechanical properties 

suitable for masonry construction.  

MIP tests have confirmed that, for a given 

compressive effort, the water content at the time of 
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compaction affects the porosity of the material. However,  

this effect become progressively less significant as the 

compaction effort is increased from the Proctor standard 

to static compaction at 25 MPa, 50 MPa and 100 MPa. 

This means that the application of a very high pressure 

might lead to the manufacture of the same material 

regardless of the compaction water content. 

Further analysis of the durability properties of the 

present soil are also planned in the continuation of this 

study. 
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