On practical matters of calculating secondary compression                 & reduction of secondary compression by surcharging

EXECUTIVE SUMMARY

A review of a number of sources, textbooks mainly, revealed that the coefficient of secondary compression is defined in three different ways. The most common definition is in terms of void ratio, which should be denoted as Cαe, to avoid confusion. In addition, discrepancies were found in the parameters needed for the calculation of the amount of secondary compression, ΔΗsc. The simplest expression that is consistent with the definition of the coefficient of secondary compression in terms of void ratio is the following: ΔΗsc = Ηo [Cαe/(1+eo)] log (t/tp), where tp is the time when primary consolidation ends (or, practically, is 95% complete).

The ratio of the coefficient of secondary compression Cαe to the compression index Cc varies within a small range. The literature gives ratios of Cαe/Cc for different kinds of soils.

The idea of reducing the amount of secondary compression of clays by surcharging stems from two types of complementary observations. First, overconsolidated clays exhibit smaller secondary compression than normally consolidated clays. Second, laboratory and field experiments show clearly that after surcharge removal secondary compression proceeds at lower rates. These observations are consistent with describing the effect of surcharge as that of an apparent preconsolidation pressure. There exist some, mostly unpublished, data relating the decrease of the coefficient of secondary compression defined in terms of strain, Cα, to the surcharge placed over the clay layer. If the reduced coefficient is denoted with Cα', the ratio Cα'/Cα has been correlated with alternate expressions of the overconsolidation ratio (OCR).

1. DEFINITION OF SECONDARY COMPRESSION

Consolidation of saturated soils is defined as the compression of soils due to loading, during the time when the excess pore pressures, which result from the loading, dissipate. Measurable compression continues to be recorded even after pore water pressure stops changing (measurably), while water, by necessity, continues being expelled. (Note that the source of these observations is mostly laboratory experiments, e.g. Mesri and Castro (1987): Figure 3. Alonso et al. (2000) provide field measurements of both settlement and pore water pressure from a preload test. Any other field references? Papers from the 80s reference measurements from the Gloucester Test Fill site in Canada, dated in the 70s.) Secondary compression is the part of the compression of saturated soils that is recorded after pore water pressure cease to change (measurably). 

2. DEFINITION AND CALCULATION OF COEFFICIENT OF SECONDARY COMPRESSION

Secondary compression is graphically depicted in textbooks with the aid of plots showing various measures of compression as a function of logarithm of time, which are obtained during one of the loading cycles of a typical consolidation experiment. The specific measure of compression used in the plot is important, because it affects the definition of the coefficient of secondary compression, typically denoted as Cα (with some variations, as discussed below) and, consequently, the way this coefficient is calculated and whether it has units or not. A review of 11 sources (one manual, nine textbooks and one set of notes) produced three alternative definitions, as described below. The fact that typically Cα is unitless does not permit immediate identification of which definition is used each time.

( (1) Source No 5 (Lamb and Whitman, 1969) depicts secondary compression with a graph showing compression, expressed as vertical strain ΔH/H, as a function of logarithm of time (see Figure 1). Accordingly, the coefficient of secondary compression, Cα, is defined as:

Cα = (ΔH/H)/(Δlogt)



(1)
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Fig. 27.17 Definition of rate of secondary compression.




Figure 1. Definition of coefficient of secondary compression according to Lamb and Whitman (1969).

From the reviewed sources, [4] (Ladd, 1994) agrees with this definition in terms of vertical strain (or, equivalently in 1D, volumetric strain). Perhaps it is (was?) an MIT convention! 

( (2) Source No 8 (Mitchell and Soga, 2005) depicts secondary compression with a graph showing void ratio, e, as a function of logarithm of time (see Figure 2). Being meticulous with their notation, they add a subscript “e” to the coefficient of secondary compression, Cαe, which is defined as:

Cαe = -de/dlogt 



(2a)

or, in analogy to Eq. (1), 

Cαe = Δe/Δlogt 



(2b)

From the sources reviewed, [2] [3] [6] and [7] agree with this definition in terms of void ratio, without though following the notation in Eq. 2, i.e. they all use the notation Cα. At least Das (1998) [2] acknowledges the difference between the two definitions and uses the notation Cα( for the coefficient of secondary compression when it is defined in terms of strain.
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Figure 2. Definition of coefficient of secondary compression according to Mitchell and Soga (2005).

( (3) Finally, Source No 9 (Muir Wood, 1990) depicts secondary compression with a graph showing directly settlement, i.e. ΔH, as a function of logarithm of time (see Figure 3). Although not mentioned explicitly, the coefficient of secondary compression, Cα, is defined as:

Cα = ΔH/Δlogt




(3)

Among the sources reviewed, no other uses this definition. Note that if such definition is used in calculations, this Cα should have units of length.

[image: image3.jpg]Fig. 121 Coeflicient of secondary consolidation c, illustrated in one-
dimensional compression of Mastcmyr clay; load increment from 392 to
785kPa (after Norwegian Geotechnical Institute, 1969).

time, min
G 10 100 1000 10000
—_— 7 1O T
E 02
g
5 o4
5
5 04

°




Figure 3. Definition of coefficient of secondary compression according to Muir Wood (1990).

The review of the textbooks suggests that some of them limit the discussion to a conceptual description of secondary compression (e.g. [6]). Often, even if the mechanisms involved in secondary compression are discussed at variable lengths, no attempt is made to compute the amount of secondary compression (e.g. [1], [5], [8], [9]).

The present write up has preserved some of the notation of the original sources, in order to stress the fact that definitions are necessary to avoid mistakes. When clarification is needed, the coefficient of secondary compression will be referred to as “coefficient of secondary compression in terms of strain” (Eq. 1) or “coefficient of secondary compression in terms of void ratio” (Eq. 2).

3. RELATIONSHIP BETWEEN COMPRESSION INDEX AND COEFFICIENT OF SECONDARY COMPRESSION

Mesri and Castro (1987) have found that the ratio of coefficient of secondary compression to the compression index, Cα/Cc, varies over a narrow range, 0.02-0.10. Accordingly, some sources reviewed ([2] and [7]) give ranges of Cα/Cc values for different types of soils. It should be clarified that Mesri and coworkers have used the definition of coefficient of secondary compression in terms of void ratio (Eq. 2), which makes sense considering that Cc is also defined in a similar fashion (Cc = Δe/Δlogp'). Accordingly, in his notes Ladd (1994) [4] uses the notation Cαe/Cc, when he refers to Mesri and Castro’s (1987) work.

Going into the details of the correct calculation of Cα and Cc, Mesri and Castro (1987: Figure 1) stress that both should be determined at the same load range and recommend the calculation of three pairs, each corresponding to a different loading cycle, implicitly acknowledging that there is not a unique value of Cc (or Cα). When the three pairs are plotted in a Cα vs Cc diagram, the best fit line determines the value of the overall Cα/Cc for the soil. The details of the method to determine these three pairs also indicate that the e-logp' curve should be constructed with void ratio (e) values determined at the “exact” end of primary consolidation for a particular loading cycle and not with an average Cc,ave, constructed with e values after some arbitrarily fixed duration of the loading cycle (e.g. 24h), which possibly reflect both primary consolidation and some contribution of secondary compression. This is illustrated in Figures 4 and 6 of Mesri and Castro (1987), shown in a simplified way in Figure 4 of this writeup: if a loading cycle lasts past the end of primary consolidation, the void ratio decreases vertically on a e-logp' curve during secondary compression. Upon reloading, the curve returns to the end-of-primary e-logp' curve, creating an effect of an apparent preconsolidation pressure.


Figure 4. Secondary compression creates an effect of an apparent preconsolidation pressure.

4. CALCULATION OF THE AMOUNT OF SECONDARY COMPRESSION

Before starting, it is helpful to remind that in 1-D, from the phase diagram, 

ΔH=Hs Δe 






(4a) 

Hs = Ho/(1+eo)=H1/(1+e1)=etc. 



(4b) 

and, from (4a) and (4b), 

ΔL/L= ΔH/Ho= Δe/(1+eo) 




(4c).

The problem created by the alternate definitions for the coefficient of secondary compression is exacerbated by the different expressions proposed for the calculation of the amount of secondary compression: there are differences in addition to those necessary to render the expressions consistent with the different definitions. As described next, four different expressions were found in the sources reviewed. The root of the problem is created by the fact that the expression for the amount of secondary compression is modeled after the expression for the amount of consolidation settlement, ΔΗc: 

ΔΗc = Ηo  [Cc/(1+eo)] Δ logp( 


(5)

where Ho and eo are the initial height and initial void ratio of the clay layer and Cc is the compression index, obtained from a straight-line approximation of the e-logp( over a range of vertical loads. In other words, Eq. (5) results from (4c) for Δe = Cc · Δ logp(. Note that in Eq. (5), Ho is clearly the height of the clay layer before loading.

We will start from the expressions that are consistent with the definition of coefficient of secondary compression in terms of void ratio.

( (1) In analogy with Eq. (5), McCarty (1998) [7] calculates the amount of secondary compression, ΔΗsc, as:

ΔΗsc = Ηo [Cα/(1+eo)] Δ logt 



(6)

In analogy to consolidation, Eq. (6) results also from (4c) for Δe=Cα · Δlogt.

( (2) Holtz and Kovacs (1981) [3] and Das (1998) [2] differ from (6) in that they consider the void ratio at the end of consolidation or primary compression, ep:

ΔΗsc = Ηo [Cα/(1+ep)] Δ logt 



(7a)

As already mentioned, Das (1998) acknowledges the two alternate definitions for the coefficient of secondary compression and gives the expression that relates the two (Cα in terms of void ratio, Cα( in terms of strain):

Cα( = Cα /(1+ep) 




(7b)

Budhu (2000) [1], agreeing with Eq. (7a), is a little more precise in the time term:

ΔΗSC = Ηo [Cα/(1+ep)] log (t/tp) 


(7c)

where tp is the time the primary compression ends.

( (3) Finally, a further variation of the same equation is given by Sivakugan and Das (2010) [11]:

ΔΗsc = Ηp [Cα/(1+ep)] log (t/tp) 


(7d)

where Hp is the height of the clay layer at the end of primary compression.

Which one of Eqs. (6), (7a)/7(c) or (7d) is correct? Considering that in 1D situations Ho/(1+eo)= Hp/(1+ep) (Eq. 4b), it is clear that Eqs. (6) and (7d) will give the same answer; Eq. (6) is simpler, because it has more easily determined parameters and, hence, preferable. Eq. (7a) is inconsistent because it mixes strain defined (implicitly) with reference to initial height (Ho) with void ratio at the end of primary consolidation (ep). Holtz and Kovacs (1981) do not discuss the presence of ep in Eq. (7a). Das (1998), on the contrary, attempts to justify the presence of ep in (7a) through Eq. (7b), but (7b) is an ad hoc choice. The two definitions of the coefficient of secondary compression are better related with the expression:
Cα = Cαe /(1+eo)




(8)

in analogy to the term Cc /(1+eo), which is often given as a single number for the calculations of the amount of primary consolidation (Eq. 5). Only such an expression renders meaningful the definition of Cα / Cc ratios and their comparisons for different soil types.

( (4) Lastly, the expression that is consistent with the definition of the coefficient of secondary compression in terms of strain is found in Nowak (2012) [10]:

ΔΗsc = H · Cα · log (t1/to)



(9)

where H is thickness of [foundation] layer (no further clarification is given), to is time for 95% primary consolidation and t1 is time after start of embankment construction. Considering the definition of strain as ΔΗ/Ηο, the correct “H” in Eq. (9) should be Ho, i.e. the initial thickness of the clay layer.

5. WHAT HAPPENS TO THE BEHAVIOR OF THE SOIL DUE TO SURCHARGE AS FAR AS SECONDARY COMPRESSION IS CONCERNED?

For the rest of the write up, consistent notation will be used: Cαe for coefficient of secondary compression in terms of void ratio and Cα for coefficient of secondary compression in terms of strain (regardless of the original notation used by referenced authors).

The notion of secondary compression producing an apparent preconsolidation effect, as shown by Figure 4 in Section 3, lays the ground for the concept of improving the secondary compression behavior of clay through surcharging. Such a notion is consistent with observations of significantly reduced secondary compression in overconsolidated soils, even at modest OCRs (Alonso et al., 2000). Mesri and Castro (1987) calculate the preconsolidation pressure, σp', created by secondary compression under the effective (consolidation) stress at which secondary compression takes place, σvs', as:

σp' = σvs' ·(t/tp)(Cαe/Cc)(1-Cr/Cc)



(10)

where Cr is the recompression index. (Recall that Cαe in (10) is written as Cα in the Mesri-Castro paper.) 

In his notes “Reduction of Cα with surcharge”, Ladd (1994) simplifies (10) as:




σp' = σvs' ·(t/tp)(Cαe/Cc)
= σvs' ·(t/tp)(Cα/CR)

(11)

where σvs' is the surcharge stress at the center of the layer and CR=Cc/(1+eo). Ladd goes one step further and defines a reduced secondary compression ratio, Cα', to express this improved behavior (i.e. the milder slope in the strain vs t/tp plot), with the help of Figure 1 in his notes, reproduced herein as Figure 5. According to Ladd (1994), the reduced (due to surcharge) secondary compression is calculated (in a manner analogous to Eq. 9) as (see also Appendix):

ΔΗsc = Ho · Cα'· log (t/ts)



(12)

where Ho is original layer thickness, t counts from t=0 corresponding to the time when the final staged surcharge is applied and ts is the start of secondary compression under final stress, σvf', at the center of the layer (i.e. after surcharge removal) or, equivalently, ts is the end of primary consolidation following surcharge removal. 

Ladd (1994) investigates the correlation of the ratio Cα'/Cα with two alternate expressions for the overconsolidation ratio. Perhaps the obvious way to define the amount of surcharge, AOS, is by using the effective surcharge stress at the center of the layer, σvs', and the final effective stress after surcharge removal, also at the center of the layer, σvf':

AOS = (σvs' –σvf')/ σvf' % = (OCR-1)(100

(13)

Note that whereas σvf' is uniquely defined, σvs', is not, if the surcharge has not been left long enough for primary consolidation to be complete. Close inspection of Figure 4 and insert (a) in Figure 5 (included in red frame), suggests the following improvement to Eq. 13: when considering the apparent preconsolidation pressure given by Eq. (11), σp', we see that it is higher than the surcharge stress, σvs'. Hence, Ladd also defines an adjusted amount of surcharge, AAOS, using an adjusted expression for the overconsolidation ratio, OCR*, as:

 AAOS = (σp' –σvf')/ σvf' % = (OCR*-1)(100

(14)

In his notes, Ladd (1994) includes plots of Cα'/Cα vs AOS and Cα'/Cα vs AAOS for several clays (reproduced herein as Figures 6 and 7, respectively). These values fall within a relatively narrow band. 
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Figure 5. Effect of surcharge on secondary compression, from Ladd (1994).
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Figure 6. Correlation of secondary compression reduction with amount of surcharge (AOS), from Ladd (1994).
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Figure 7. Correlation of secondary compression reduction with adjusted amount of surcharge (AAOS), from Ladd (1994).

6. CALCULATION OF SECONDARY SETTLEMENT REDUCTION DUE TO SURCHARGE – IN PRACTICE!!

Alonso et al. (2000) present a case study where the reduction of secondary settlement due to surcharge was calculated on the basis of site-specific data obtained with the aid of an instrumented preload test, which included surcharging for 2 years and monitoring of the behavior during unloading for 8 months. These data were used to develop a site-specific relationship between Cα'/Cα and OCR. This approach has the advantage of bypassing questions of how lab tests relate to the field behavior, a valid concern considering that the magnitude of secondary compression increases as the thickness of the oedometer sample decreases [6] (hence creating problems for the lab-to-field extrapolation). Alonso et al. (2000) report significant reductions of secondary compression, e.g. Cα'/Cα (0.4 for OCR=1.2. Another field test reported by Nash and Ryde (2001) did not result in significant reductions, possibly due to the small holding time (5 months) of the 2-meter high surcharge. A parametric study showed that for such a short surcharge holding time, at least 4m of surcharge would be required for significant reduction of secondary compression (Nash and Ryde, 1999).

In the absence of a field test, Cα and Cα'/Cα can be determined from lab tests. This is the approach followed by Conroy et al. (2010), which produced results agreeing with the values used in the Limerick Tunnel approach embankments, which will be discussed in the following section. It is interesting to note that when Alonso et al. (2000) compared field and lab results, they found that the reduction in secondary compression measured in the lab was consistently lower than the observed reduction in the field.

When neither lab nor field tests are available, Cαe may be estimated from Cαe/Cc ratios available in the literature for different types of soils (Mitchell and Soga, 2005). Then, the reduction in Cα'/Cα (or Cαe'/Cαe) can be estimated from correlations with OCR found in publications, which, however, are not readily available (e.g. conference proceedings).

7. WHAT WAS THE APPROACH FOLLOWED FOR THE DESIGN OF THE EMBANKMENTS BUILT FOR THE APPROACH TO THE LIMERICK TUNNEL?

Buggy and Curran (2011) determined Cα from oedometer tests. Having established a correlation between Cα and moisture content (w%), they calculated values for each embankment cross section on the basis of the in situ moisture content. Buggy and Curran (2011) report that the site-specific correlation was in good agreement with the correlation given by Simons and Menzies (1999): Cα = 0.00018 ( w%. Having determined Cα at each cross section, they then derive Cα' from the correlation inspired by Ladd’s work, based on data given by Ladd (presumably in his notes) and found in an MS thesis at MIT. This relationship is described by the expression that best fits the results:

Cα'/Cα = 1.85 – 1.08 log (AAOS%)


(15)

Note that the definition given by Buggy and Curran (2011) for AAOS (on page 5) corresponds to Eq. (13), i.e. it is simply the “amount of surcharge” (AOS) and not the “adjusted amount of surcharge” (AAOS), which takes into account the difference between the highest effective stress experienced by the soil, σvs', and the apparent preconsolidation pressure, σp'. The only way to explain this problem is to assume that the difference between σvs' and σp' is small (then AOS=AAOS). 
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APPENDIX 

1st page of Ladd’s notes on secondary compression reduction
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