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Abstract 

The behaviour of soft soils under loading is usually difficult to predict. Therefore, instrumentation and field 

monitoring is often needed in order to ensure that project assumptions are reliable and to plan for a safe 

construction. In the case of a high road embankment resting on a thick deposit of soft soils where significant 

consolidation settlements are expected, it is important to accurately predict settlement-time behaviour so that 

post-construction settlements are acceptable regarding allowable settlement that does not cause damage to 

the road pavement. In fact, the consolidation coefficient is usually predicted from laboratory tests on some 

samples collected in the field, which may either not be representative of the soil mass or be disturbed. Besides, 

it is difficult to reproduce the field loading conditions at the laboratory and this might lead to an unreliable 

prediction of soil behaviour. Thus, this paper presents the interpretation of settlement data by Asaoka’s Method, 

which is based on observed field settlements. For that purpose, the case of a road embankment resting on a soft 

soil deposit, where prefabricated vertical drains were installed, was considered for the prediction of the 

consolidation coefficient for radial drainage. According to the results, the settlement-time behaviour predicted 

by Asaoka’s method fairly matches the one observed in the field by a relative error varying between 1 and 6%. 
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1. Introduction 

The construction of road embankments on soft soils is becoming more frequent in Mozambique. In fact, due to 

the terms of reference of some projects, roads need to be built on coastal areas and/or river valleys, which are 

mainly constituted by saturated soft clays. According to Holtz (2017), since these soils exhibit low shear strength, 

low permeability and high compressibility, it is usually necessary to accelerate consolidation by means of 

installation of prefabricated vertical drains combined with staged construction of the embankment.  

The success of this kind of solution is extremely dependent on the reliability of the prediction of the settlement-

time behaviour of the foundation. In fact, in addition to the amount of consolidation settlement by the end of 

the construction, the stability of the embankment in each stage depends on the increase of shear strength 

achieved during consolidation of the foundation under the loading of the previous stage.  

Such a prediction is often made through the analytical solution of the consolidation equation. However, 

according to Asaoka (1978), this approach is not always effective since conditions such as drain length, final 

vertical strain of soils and the consolidation coefficient are sometimes quite uncertain. 

Therefore, observational methods should also be employed to predict such behaviour, increasing the reliability 

of the prediction and, consequently, leading to a safe construction planning and, as stated by Dunnicliff (1982), 

to ensure long-term safety. 

In the case of a road embankment resting on soft foundation, post-construction settlements must not exceed 

the pavement’s allowable settlement. This can be checked through field observed settlements, as proposed by 

Asaoka (1978). 

 

2. Asaoka’s Method 

2.1 Consolidation settlement prediction 

According to Asaoka (1978), an observational procedure-basis is useful to predict settlement. In this context, 

Asaoka (1978) proposed a graphical method to estimate the consolidation settlement.  According to Mesri and 
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Huvaj-Sarihan (2009), although this graphical procedure is simple, the mathematical deduction of the method 

by Asaoka is not. 

As described by Lakkoju et al. (2020), the final settlement can be obtained by plotting Si and Si-1 values on the 

y-axis and x-axis, respectively, where Si and Si-1 are the settlements at the times “i” and “i-1”, respectively. From 

the values plotted, a trend line is drawn for the Si and Si-1 relationship. In this method, the final settlement 

corresponds to the intersection of the trend line with a 45° line in the Si versus Si-1 space. 

2.2 Back-analysis of the consolidation coefficient for radial drainage 

Almeida and Marques (2010) described the procedure to estimate the consolidation coefficient for radial 

drainage (ch) as follows: 

- Draw the settlement versus time (s x t) curve and define a constant value for ∆t (between 30 and 90 
days); 

- Identify the values of s corresponding to each ∆t and plot them on a Si x Si-1 graph;  

- Draw a straight line that best fits the points distribution (trend line) and identify the slope β1 of the 
line; 

- Calculate ch value from the equation 1. 

 

 

(Eq. 1) 

According to (Hansbo, 1981), one should apply equation 2 to calculate the F (n) value.  

 
 

(Eq. 2) 

Where de is the diameter of the effective zone of drainage. The de and n values are calculated as detailed by 

Craig and Knappett (2012). 

 

3. Case study 

For the purpose of interpretation of settlement data by Asaoka’s method, this section presents the case of a 

monitored road embankment resting on a thick deposit of soft soils. The embankment was built across the 

Maputo River floodplain, in Mozambique. The foundation soil is composed of layers of fat clay, fat clay with sand 

and silty clay with sand up to a depth of 40m. 

The characterization of the soil profile up to the depth of 30m is presented on Table 1. Fourteen (14) undisturbed 

samples taken from one borehole have been tested in the laboratory, from which minimum, average and 

maximum parameter values were determined. 

Parameter 
Value 

Minimum Average Maximum 

Water content, w [%] 27.20 85.25 114.00 

Void ratio, e0 [-] 0.72 2.43 3.41 

Dry unit weight, γd [kN/m3] 6.47 8.23 14.70 

Liquid limit, wL [%] 67.20 78.81 90.70 

Plastic limit, wP [%] 36.70 44.24 50.20 

Plasticity index, PI [%] 27.10 34.57 42.60 

Compressibility index, Cc [-] 0.056 0.663 1.864 

Recompression index, Cr [-] 0.008 0.073 0.304 

Consolidation coefficient for vertical direction, cv [m2/s] 1.00E-09 5.20E-08 3.51E-07 

Consolidation coefficient for horizontal direction, ch [m2/s] 2.30E-09 7.95E-08 3.01E-07 

Unconfined resistance, qu [kN/m2] 19.00 29.60 43.00 

Internal friction angle, φ [°] 7.90 16.96 35.00 

Cohesion, c [kN/m2] 2.10 12.87 26.90 

Table 1: Characterization of the soil profile. 
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Prefabricated vertical drains of 30m length were installed under a triangular pattern, with a spacing of 1.20m 
under the main embankment and 1.50m under the counterweight embankment.  

A general scheme of the instrumentation plan is shown in Figure 1. 

It is important to note that no reliable data of pore water pressure and horizontal displacement were available. 

Therefore, this section will only focus on the interpretation of settlement data. 

 

Figure 1: Scheme of the instrumentation plan. 

Due to the referred uncertainties, settlements were measured using settlement plates located every 200-300 m 
along the 3.6 km long embankment. Figures 2 and 3 show the recorded data for one section.  

 

Figure 2: Plot of settlement measured on the base of the embankment. 
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Figure 3: Plot of settlement measured on the centre of the base of the embankment. 

The monitoring was carried out during a period of 585 days. 

Following the steps described in section 2 above, the final consolidation settlement of the foundation under the 

loading of a 5.3 m high embankment is 1446 mm, as shown in Figure 4. 

  

 

Figure 4: Graphical prediction of the final consolidation settlement (H=5.3m). 

From Figure 4, the slope of the line Si x Si-1 is 0.8694. Given that the de value is 1.26 m and the n value is 18.95, 

Equation 2 leads to an F (n) value of 2.94. Therefore, applying Equation 1 with a ∆t of 30 days results in a ch value 

equal to 0.002029 m2/day, which is 3 times lower than the value obtained from the oedometer test. 

In order to validate the ch value provided by Asaoka’s Method, one must ensure that the settlement-time 

behaviour provided by this method is equal or almost equal to the one observed during field monitoring. 

Therefore, it is necessary to determine the average degree of consolidation corresponding to each observation 

time (as shown in Figure 5), so that the corresponding settlement can be determined with respect to the final 

settlement. 
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Figure 5: Determination of the average degree of consolidation for t = 292 days (based on Craig and Knappett, 

2012). 

Applying the in situ value of ch provided by Asaoka’s Method, settlements were computed as a function of time, 

as shown in Figure 6.  

 

Figure 6: Comparison between the observed settlements and the predicted by Asaoka. 
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4. Conclusions 

This paper presents a summary of the observational method proposed by Asaoka, which is widely used to predict 

the final consolidation settlement and the consolidation coefficient. 

As can be seen in Figure 6, the horizontal consolidation coefficient back-calculated from Asaoka’s Method 

provided a settlement-time behaviour that fairly matches the one observed in the field. In reality, beyond 45 

days, the settlement values show relative errors between 1 and 6%, with respect to the observed ones. 

Therefore, this value of the consolidation coefficient can be used to analyse the consolidation process for other 

stages of construction and to define the time for which post-construction settlements are acceptable.  

Another concluding remark is that the instrumentation and monitoring of embankments (and other geotechnical 

structures) built under conditions of uncertainty are very important to assess the long-term safety of the project 

and for the validation of numerical models. 

Finally, it is important to point out that this method is not recommended for predicting secondary settlement 

(Mesri and Huvaj-Sarihan, 2009) and that its reliability depends on the duration of the observation period 

(Almeida and Marques, 2010). 
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