
 

  

1 INTRODUCTION 

Soft soil deposits have normally sufficient strength to support their own weight and other limited loadings. 
Shear stresses within the soil deposits, which are also subjected to their own weight, can be regarded as 
relatively low compared to the available shear strength to support self-weight and other loadings. It is well 
known that failure of soil will occur when the induced shear stress becomes larger than the available shear 
strength. According to researchers (e.g. Lunne et al., 1997; Robertson, 2009), the undrained shear strength 
su from cone penetration test (CPT) data can be estimated from  

( ) ktvtu Nqs 0σ−=  (1) 

where qt is the total cone resistance, σv0 is the total vertical stress and Nkt is the tip cone factor. The tip 
cone factor Nkt is obtained by calibrating the CPT data with known undrained shear strength from vane 
shear test (Kulhawy and Mayne, 1990). According to Robertson (2009) the values of Nkt ranges between 
10 and 20 with an average value of 14 for insensitive soils. However, in stabilized soft soils and sedi-
ments, the undrained shear strength increases as the curing process progresses, which may require repeat-
ed calibration of CPT data to obtain the new value for Nkt with curing time. This can be time consuming 
and costly. 
 The present work seeks to address the use of CPT induced stress to evaluate the undrained shear 
strength of a preloaded stabilized contaminated dredged material (SCDM) utilized as structural backfill at 
a large-scale field test at the Port of Gävle. 
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ABSTRACT: The undrained shear strength of preloaded stabilized dredged sediments increases with cur-
ing time. Evaluation of in-situ undrained shear strength using cone penetration test (CPT) data normally 
requires calibration of the CPT data with known undrained shear strength from vane shear test to obtain 
the cone factor, which is normally utilized in CPT empirical correlation to estimate the undrained shear 
strength. In this study, a new CPT empirical correlation for evaluation of in-situ undrained shear strength 
is presented. The proposed empirical correlation utilizes the effective vertical stress characteristic ratio to 
estimate the CPT induced stress, which was correlated to the in-situ undrained shear stress. The un-
drained shear strength computed using the proposed empirical correlation agrees reasonably well with the 
undrained shear strength estimated using the established empirical correlation at a large-scale field test. 
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2 LARGE-SCALE FIELD TEST AT PORT OF GÄVLE  

Contaminated dredged fine sediments at high initial water contents can be amended with binders for reuse 
in structural backfill. In order to assess the mechanical properties of in-situ stabilized dredged sediments, a 
large-scale field test was carried out at the Port of Gävle in Sweden (Holm et al., 2012; Makusa et al., 
2012; Makusa, 2013). Mixing and backfill operations at the large-scale field test started at the end of Oc-
tober 2010 and continued through the end of December 2010. The dredged sediments at initial water con-
tent between 250% and 1000% were mixed with cement 40%, fly ash 40% and blast furnace slag (also 
known as GGBS) 20% using the on-site pugmill to produce stabilized contaminated dredged material 
(SCDM). The total amount of binders was 150 kg per cubic meter of freshly dredged sediments. The 
SCDM was discharged in a reclaimed area by using underwater tubes connected to the pugmill as shown 
in Figure 1. A total of about 8,000 m3 of the SCDM was utilized in a reclaimed area as a structural backfill 
material. It is customary required to preload the stabilized mass immediately after mixing and placing in a 
designated area for curing. According to Holm et al. (2012), the application of preloading weight was de-
layed because the immediate strength of the SCDM was too low to support the preloading weight. Thus, 
the SCDM was preloaded with selected gravel on February 6, 2011 after gaining enough strength to sup-
port the first phase of preloading weight. For quality assurance and classification of soil behavior type, 
several cone penetration tests (CPT) were carried out after several days (d) of curing. For the purpose of 
this study, CPTs data from 16 test points at the large-scale field test were considered; the cone penetration 
tests were as follows: six tests were carried out on February 23, 2011 after about 17d of curing following 
the first day of preloading, four tests were carried out on April 15, 2011 after about 67d of curing, four 
tests were carried out on June 20, 2011 after about 135d of curing and two tests were carried out on Octo-
ber 4, 2011 after about 250d of curing under preloading weight. 

The first phase of preloading utilized selected gravel of about 1.0 m height (equivalent to an average 
value of 18 kN/m2) applied in 4 days consecutively, which was approximately equal to 4.5 kN/m2/day. 
The second phase of preloading, which was carried out after about 28d (March 7-16, 2011) utilized the 
same selected gravel of about 1.5 m height (equivalent to an average value of 27 kN/m2) applied in 9 days 
consecutively, which was equivalent to 3.0 kN/m2/day. No significant excess pore pressure was recorded 
during the period of preloading (Holm et al., 2012). This study, evaluates the undrained shear strength of 
the SCDM utilizing vertical stress characteristic ratio. 

 
Figure 1. Stabilization of contaminated dredged sediments for use as structural backfill material (Makusa, 2013). 
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3 INITIAL VERTICAL STRESS AND STRESS CHARACTERISTICS 

3.1 Initial vertical stress 
Vertical stresses in a soil deposit can be described in terms of total vertical stress and effective vertical 
stress. Conventionally, initial effective vertical stress σ´v0 is normally given by  

000 uvv −=′ σσ  (2) 

where u0 is the hydrostatic pore water pressure (Terzaghi et al. 1996). 

3.2 Initial stress characteristics 
According to Lunne et al (1997), the compression index Cc can be given by 
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where e0 is the initial void ratio and M is the constrained modulus. By rearranging Eq. (3), the compres-
sion ratio Cr can be obtained from  
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Thus, by Eq. (4), the initial effective vertical stress and compression ratio are interrelated by 

rv MC=′03.2 σ  (5) 

The expression above was hereby referred to as effective vertical stress-characteristics. The term to the 
left side of Eq. (5) contains no void ratio, which means that there is also a link to the total vertical stress-
characteristic (e.g. for soil above the phreatic surface where, the total vertical stress is normally regarded 
as equal to the effective vertical stress). As a result, Eq. (5) can also be written in terms of total vertical 
stress-characteristic in form of  

0003.2 vv k σσ =′  (6) 

where k0 is the effective vertical stress-characteristic ratio given by k0 = 2.3σ´v0/σv0. The value of k0 de-
pends on the unit weight of the soil and not on the depth of the deposit. For soils below the phreatic sur-
face, the value of k0 can be utilized to estimate the initial effective vertical stress using hydrostatic pore 
water pressure as described below. 

3.3 Initial effective vertical stress in terms of stress characteristic ratio 
By Eq. (2) and Eq. (6) the initial effective vertical stress can be estimated from  

( )0000 3.2 kukv −=′σ  (7) 

Consequently, by Eq. (7), the effective vertical stress induced by cone penetration and the undrained shear 
strength can be estimated as discussed hereafter. 

4 ESTIMATING INDUCED EFFECTIVE VERTICAL STRESS 

During a cone penetration test (CPT), shear stress is induced in the soil as the cone advances. The induced 
shear stress results in failure of the surrounding soil. The resistance of the soil to the CPT penetration is 
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normally recorded at the tip of the cone and reported as total cone resistance qt. Thus, the CPT measures 
the total vertical stress. By Eq. (7) the initial effective vertical stress was estimated using hydrostatic pore 
water pressure u0 and the effective vertical stress-characteristic ratio k0; it follows by intuition that the in-
crease in effective vertical stress due to applied CPT pressure will also be influenced by k0 in a similar 
way as hydrostatic pore pressure u0. Consequently, resistance of CPT to penetration will be affected by k0 
as well such that, for the cone to advance, the increased effective vertical stress must overcome the initial 
effective vertical stress given by Eq. (7) at a controlled rate of penetration. As a result, the effective verti-
cal stress induced by CPT to overcome the initial effective vertical stress and result in failure of the stabi-
lized mass was empirically given by 

( ) ( )000 3.2 kuqk tCPT −−=′σ  (8) 

The CPT induced stress was found to be proportional to the undrained shear strength of preloaded stabi-
lized contaminated dredged material (SCDM). Consequently, in this study the undrained shear strength su 
of the SCDM at the large-scale field test was estimated using 

CPTus σ ′= 1.0  (9) 

where 0.1 is a proportionality constant. Notice that the value of the constant is equal to the penetration 
length. According to Sandven (2010) for sampling interval of 20 mm and 50 mm, the penetration length is 
equal to 0.1 m and 0.2 m, respectively. The sampling interval of 20 mm was utilized during the cone pene-
tration tests at the large-scale field test at the Port of Gävle. In this study, the undrained shear strength 
from the large-scale field test obtained from Eq. (1) were compared with those obtained using the pro-
posed CPT empirical correlation presented by Eq. (9). 

5 RESULTS 

Figure 2 presents the effect of curing period on the average effective vertical stress-characteristic ratio k0, 
CPT induced vertical stress σ´CPT, tip cone factor Nkt obtained by calibrating the CPT data using estimated 
undrained shear strength from Eq. (9) and the undrained shear strength su of the SCDM at the large-scale 
field test at Port of Gävle. Figure 3 shows comparison for undrained shear strength evaluated using Eq. (1) 
with Nkt of 17 relative to Eq. (9) versus depth. 

6 DISCUSSION 

The influence of curing period on the strength of stabilized contaminated dredged material (SCDM) was 
presented. Results of the study show that the effective vertical stress characteristic ratio k0 increased with 
curing time as shown in Figure 2(a). As a result of increase in k0, the CPT induced stress also increased as 
it can be seen in Figure 2(b). Calibration of the CPT data to obtain Nkt for Eq. (1) using the undrained 
shear strength obtained from Eq. (9) indicated that the value of tip cone factor Nkt decreased from 24.8 at 
the time of preloading to 14.5 after about 250 days of curing as presented by Figure 2(c). According to 
Göran Holm (personal communication, May 16, 2013), a value of Nkt equal to 17 was utilized to evaluate 
the undrained shear strength su at the large-scale field test. Figure 2(d) shows that the undrained shear 
strength, which were obtained by Eq. (1) using Nkt = 17, and Eq. (9) were found to be within the same 
range and trend of increase except for the values at the time of preloading (0d). Authors postulate the dis-
crepancies between the average values of undrained shear strength obtained by Eq. (1) relative to Eq. (9) 
that can be seen in Figure 2(d) could probably be due to the use of a constant value of Nkt of 17 in Eq. (1) 
compared to the use of the value of k0 in Eq. (9). Nonetheless, Figure 3 shows reasonable agreement for 
evaluated undrained shear strength versus depth beyond 0d of curing. 
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Figure 2. Effect of curing period on (a) effective vertical stress-characteristic ratio k0 (b) CPT induced stress σ´CPT 
(c) tip cone factor Nkt (d) undrained shear strength su evaluated with Nkt factor of 17 in Eq. (1) relative to Eq.(9). 
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Figure 3. Evaluated undrained shear strength versus depth at the large-scale field test (a) at the time of preloading 
(b) after 67 days of curing (c) after 135 days of curing (d) after 250 days of curing (Eq.(1) used Nkt = 17). 

7 CONCLUSIONS 

Evaluation of undrained shear strength of preloaded stabilized contaminated dredged material (SCDM) us-
ing cone penetration test (CPT) data was presented. Based on the findings of this study, the following 
concluding remarks were drawn: 
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• The stress characteristic ratio k0 is indeed a parameter representing in-situ strength. 
• The induced shear stress due to CPT can be utilized to estimate the undrained shear strength of preload-
ed stabilized material with reasonable accuracy during the period of curing without the need for repeated 
calibration of the CPT data. 
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