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Abstract. The present paper results from the study of the influence of post-
compaction moisture variation and suction on shear strength of four distinct soils 
used in road construction in the state of Rio Grande do Sul, Brazil. The 
methodology consisted in obtaining the soil-water characteristic curves and failure 
envelopes of the soils, followed by mechanistic analysis performed with the 
AEMC/SisPav tool.  It was verified that suction directly influences the maximum 
shear stresses and that the shear stresses acting on subgrades of flexible and thin 
pavements are quite lower than the limits imposed by the envelopes. This 
eliminates the possibility of shear failure, although excessive plastic deformation 
might still take place.  
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1. Introduction 

In the scope of paving, the condition of non-saturation of the soil mass, pavement 

structure and earthworks, is extremely variable when spatially contextualized, under the 

influence of several factors [1]. In the specific case of an artificially compacted soil for 

paving, either as subgrade material, reinforcement or other noble pavement layer, the 

constructive specifications generally require field compaction in or near the optimum 

compaction condition. Variations in post-compaction moisture, usually attributed to 

interactions with the environment (climate, equilibrium between precipitation and 

evapotranspiration) and / or external factors, such as drainage-related problems, can 

modify properties or parameters of interest to good pavement performance. Regarding 

the study of these variations, it is common sense that suction represents these effects 

better than the moisture content or degree of saturation [2, 3]. 

Suction can be defined as the isotropic interstitial water pressure, the result of 

physic-chemical conditions, which causes the soil-water system to absorb or lose water 

depending on the environmental conditions, increasing or reducing its degree of 
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saturation [4]. In recent years, numerous studies have evaluated the effects of suction 

on properties of interest in paving [5-8]. The soil shear strength influences slope 

stability, the design of containment structures and, indirectly, pavement design. In this 

context, this study aims to evaluate, through laboratory tests, the influence of post-

compaction moisture and suction oscillations on the shear strength of typical soils of 

road subgrades in southern Brazil, as well as to predict their respective behavior in the 

field through mechanistic analysis assisted by computer programs.  

2. Materials and Methods 

2.1. Materials 

For this study, four soils deposits were set in different regions of Rio Grande do Sul, 

according to Figure 1. The physical and geological characteristics of the soils, as well 

as the results of the California Bearing Ratio (CBR) and expansion are shown in 

Table 1. 

 

Figure 1. Location map of soil deposits. 

2.2. Soil-water characteristics curves (SWCC) and failure envelopes 

The failure envelopes, cohesion parameters and internal friction angle of the soils under 

study were obtained through direct shear tests [9]. Square metal rings (5 cm × 5 cm × 2 

cm) compacted at the optimum moisture content of Proctor Normal energy were 

submitted to drying and wetting trajectories, in order to verify the influence of suction 

on the shear strength of the soils. A variation of ± 2% in the moisture content, after 

compaction, was chosen as an oscillation capable of occurring in the field. The normal 

stress levels adopted were 25 kPa, 50 kPa, 80 kPa, 100 kPa and 150 kPa. 
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Table 1. Summary of soil characteristics. 

Parameters/Characteristics Soil PE Soil CB Soil TR Soil RS 

Geological origins 
Granite-Gneiss 
rocks 

Basaltic 
igneous rocks 

Sedimentary formations 

% gravel (> 2.0 mm) 1 0 1 2 
% coarse sand (0.6 mm – 2.0 mm) 5 2 12 11 
% medium sand (0.2 mm – 0.6 mm) 15 6 26 16 
% fine sand (0.06 mm – 0.2 mm) 22 5 18 15 
% silt (2 µm – 0.06 mm) 22 19 13 14 
% clay (< 2 µm) 35 68 30 41 
Liquid Limit – LL (%) 41 56 39 47 
Parameters/Characteristics Soil PE Soil CB Soil TR Soil RS 
Plastic Limit – PL (%) 18 25 20 29 
Plasticity Index – PI (%) 23 31 19 18 
Specific gravity of solid particles -  
(kN/m³) 25.64 28.09 25.54 25.75 

Soil Classification - USCS CL CH SC CL 
Soil Classification - AASHTO/TRB A-7-6 A-7-6 A-6 A-7-6 
Soil Classification - MCT (miniature, 
compacted, tropical) 

LG’ LG’ LG’ LG’ 

Standard Proctor 
Test 

CBR (%) 10 10 14 16 
Expansion (%) 0.27 0.24 0.27 0.18 

The soil-water characteristic curves (SWCC) were obtained through the filter 

paper technique and followed the execution instructions of the literature [10, 11]. In 

order to determine the points of the SWCC, cylindrical rings (5 cm x 2.6 cm) were 

submitted to drying and wetting trajectories, from the optimum compaction content. 

Six out of eight samples underwent drying processes and the other two were subjected 

to wetting. The filter paper used was Whatman nº 42 and the matric suctions were 

obtained based on the calibration curve proposed by [12]. 

2.3. Mechanical analysis 

For the numerical simulations, a typical regional composition was initially determined. 

The chosen structure was one commonly used in the state of Rio Grande do Sul, 

composed by Asphalt Concrete (AC), Graded Gravel (GG) in the base layer, Dry 

Macadam (DM) in the sub-base and the different soils studied applied on the pavement 

subgrade (soils PE, CB, TR and RS). This structure was designed following the flexible 

pavement design method used in Brazil - DNIT method [13], considering a period of 

10 years and a number of load requests (NPROJECT) of 2.5 × 107. Figure 2 shows the 

structures designed according to the CBR of each soil under study. 

Asphalt Concrete

Graded Gravel

Dry Macadam

Subgrade - CBR=10%

10 cm

15 cm

16 cm

8

Asphalt Concrete

Graded Gravel

Subgrade - CBR=16%

10 cm

15 cm

8

Asphalt Concrete

Graded Gravel

Subgrade - CBR=14%

10 cm

17 cm

8

ST01 - Soil PE - Soil CB

ST02 - Soil TR ST03 - Soil RS

 

Figure 2. Structures dimensioned by the DNIT method. 
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The designed structures were entered in the AEMC tool (Elastic Analysis of 

Multiple Layers), part of the software SisPav [14], which provides the pavement 

response (tensions, deformations and displacements) to the traffic demand. The input 

parameters are shown in Table 2. 

Table 2. Input data in the AEMC/SisPav. 

Layer Material Thickness (cm) Resilient Modulus (MPa) Poisson’s Ratio 

Surface AC 10 5000 0.30 
Base GG * 200 0.35 
Sub-Base¹ DM * 300 0.35 

Subgrade 

Soil PE 

∞ 

131.0254.0

3.02,216
−

= dRM σσ  

0.45 
Soil CB 252.0311.0

3.37,76
−

= dRM σσ  

Soil TR 202.0644.0

3.31,624
−

= dRM σσ  

Soil RS 065.0488.0

3.39,484 dRM σσ=  
Note: *Thicknesses according to the dimension of each structure; ¹ Values adopted when there is the sub-base layer in the 

structure. 

The input data for the resilient modulus (except subgrade) and Poisson coefficients 

followed the reference values found in the literature [14, 15]. This values take into 

account unsaturated conditions. In the subgrade, the non-linear resilience modules of 

the studied soils, obtained by [16], were used, since they represent the deformability 

characteristics of the soils as a function of the state of tensions acting on the simulated 

structure. For all simulations, the non-adhered layers condition was applied, subject to 

three levels of loading: the twin-wheel single axle loaded with 80 kN (8.2 tons), 98 kN 

(10 t) and 118 kN (12 t), all of them with tire inflation pressure of 0.56 MPa. 

The shear strengths and the corresponding vertical stress obtained in the AEMC 

were plotted in a graph comparing the resultant failure envelopes of laboratory tests 

and the mechanistic analysis’ data, for each of the loads used, in order to verify if the 

studied soils lead the subgrade to shear failure. Also, a complementary analysis was 

carried out aiming to verify the materials’ shear response when used as subgrade in low 

traffic pavements (LTP). The methodology followed the same guidelines presented 

previously, differing only by the structure analyzed. In all cases, the loading was 

applied directly to the foundation soil, simulating a thin layer of double surface 

treatment on the pavement. 

3. Results and Discussions 

Figure 3 shows the SWCC of the soils under study. It is possible to observe that they 

have a bimodal shape, typical of soils with lateritic behavior, compatible with their 

MCT classifications (lateritic clayey soil – LG’), with the exception of the PE soil, 

similarly to a unimodal curve.  It stands out the soil TR, which presented horizontal and 

delimited landing place, characteristic of double curves "S". For all soils, the air-entry 

values were well defined, as well as the similarity in the final segment of the curves, 

for suction values above 10000 kPa. In this case, the difference between the materials 

becomes more noticeable in the macrostructure zone, the initial portion of the SWCC, 

associated with the larger pores. Similar results were obtained by other authors [6, 10]. 
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Figure 3. Soil-water characteristic curves of the studied soils. 

By analyzing the retention curves of the different soils at their respective optimum 

compaction content, which correspond to degrees of saturation ranging from 85% to 

88%, it is possible to identify the contrast of the soil PE suction value (420 kPa) when 

compared to other soils (7 kPa for soil RS, 14 kPa for soil CB and 16 kPa for soil TR). 

By simulating possible climatic oscillations, it can be seen that the variation of ± 2% in 

the post-compaction moisture content, given by a variation of 6% in the degree of 

saturation, can cause significant changes in the suction values, depending on the soil 

type. It is known that suction is an important parameter in the mechanical behavior of 

unsaturated soils and any variation in this parameter directly influences the resistance 

characteristics of these materials. In this study, the effect of this variation was more 

noticeable with the 2% reduction in the optimum content (drying), except for the PE 

soil, on which the changes occurred in both situations (± 2%). 
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Figure 4. Failure envelopes depending on the different humidity conditions. 
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Figure 4 shows the failure envelopes obtained in the direct shear tests. In general, 

it is verified that for the same applied normal stress, the maximum shear stress 

decreases with the addition of the moisture content (wetting), whereas with the 

decrease of humidity there is an increase of this parameter. This behavior was already 

expected, since the moisture variation directly influences the suction values, leading to 

a gain or loss in shear strength of the materials [5, 8]. It is also noted that the wopt -2% 

envelopes were further from the reference envelope (wopt) than that from the wetting 

condition, demonstrating a higher suction effect in the drying condition, compatible 

with the results presented for the characteristic curves. 

Considering a range of normal stresses in road subgrade (50 kPa to 120 kPa) [16], 

it can be noticed that TR soil presented the worst behavior regarding shear strength 

among the studied soils. On the other hand, the superiority of the PE soil in the 

conditions of drying and optimum humidity is verified. For the same analysis range, the 

CB and RS soils present similar behaviors, with a superior performance of the soil RS. 

Regarding the resistance parameters, it was verified that the cohesive intercept 

increased with the loss of humidity, due to the increase in the suction value. This fact 

did not occur for all internal friction angle values, varying from one soil to the other. 
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Figure 5. Comparison between failure envelopes and stresses acting on the structure subgrades and in thin 
pavements – LTP considering the soil PE (a); soil CB (b); soil TR (c); soil RS (d). 

Figure 5 shows the comparisons between the failure envelopes obtained in the 

laboratory and the shear and vertical stress pairs obtained in the simulations performed 
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in the AEMC for flexible and thin pavements (LTP). It was decided not to present the 

failure envelope in the drying condition (wopt -2%), as this was superior to the others, 

avoiding any possibility of shear failure in this condition. In addition, it is emphasized 

that the envelopes were extrapolated to normal stresses greater than 150 kPa. 

Regarding to the use of the soils as a subgrade of flexible pavements, it was 

observed that the load increments result in an increase of the shear stress for a constant 

normal vertical stress. In some cases, this increase reached 30%. Among the studied 

soils, the soil TR, employed in the ST02 structure, presented the highest shear stresses 

(79 kPa, 95 kPa and 117 kPa) at all levels and in increasing order of loading. This 

result corroborates those presented for the direct shear tests, on which this material 

presented the worst performance in all analyzed moisture conditions. Soils CB and RS 

had presented similar behavior in the laboratory tests, and the same occurred in 

numerical simulations. However, the results obtained in the AEMC showed that the 

soil CB is the material that undergoes the lowest shear stresses in its structure (55 kPa, 

65 kPa and 79 kPa). In general, it is possible to correlate the shear stresses acting on the 

subgrade of each structure with the liquid limits (LL) of the soils under study. The 

liquid limit indirectly measures the shear strength of the soil by the number of strokes 

required to close the groove. As can be seen in Table 1, soil CB presents a LL of 56%, 

requiring a greater number of strokes for the structure to shear, considering the same 

moisture content. This explains the fact that this material presents the smallest shear 

stresses acting on the subgrade. The PE soil showed intermediate shear stresses when 

compared to the other materials, but values still far from shear failure. 

Regarding the use of soils as a subgrade for low traffic pavements, the shear 

stresses obtained by the AEMC tool presented a peculiar behavior. In this case, the 

maximum shear stresses, as well as the normal stresses decrease with increasing 

loading. It was also observed that the results are not dependent of the type of material, 

depending only on the level of loading. This shows that, in this case, the resilient 

characteristics have no influence on the stresses. 

In both cases, the stress pairs were lower than the values presented in the 

envelopes, thus shear rupture did not occur. For the structures designed by the DNIT 

method, the acting stresses were negligible, associated with the design of layers 

overlying the subgrade in order to protect it from excessive shear stresses, according to 

the method. In the case of thin pavements, even below the limits imposed by the 

envelopes, these stresses were higher, making the shear strength relevant and 

determinant in the life cycle of this type of structure, especially if there is a complete 

saturation of the foundation soil. In general, the soils under study do not show evidence 

of shear rupture, either on a road subgrade or on the foundation of a low traffic 

pavement, typically used in urban roads or in the backroads. This, however, does not 

rule out the hypothesis that these structures undergo high plastic deformations, 

highlighting the need to extend the studies related to permanent deformations, 

especially regarding to advances in mechanistic-empirical design methods. 

4. Conclusions 

Analyzing the results, it can be concluded that, with the exception of the PE soil, the 

SWCC presented a bimodal shape, characteristic of Brazilian soils with lateritic 

behavior, being differentiated by the macro-structural zone. The post-compaction 

moisture variation, better described by the suction, had an effective impact on the 
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failure envelope and soil strength parameters, as substantiated in others studies in the 

literature. For the soils studied, the effect of suction was greater in the drying than in 

the wetting condition. The TR soil presented the worst behavior, observed both in the 

failure envelope and in the computational analyzes. In spite of the inferior performance 

of this material, it was observed in the mechanistic analyzes that there is no possibility 

of shear rupture of soils, both in their use as a subgrade of flexible pavements and in 

the foundation of thin structures. This, however, does not prevent the occurrence of 

excessive plastic deformations, in both cases. 
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