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ABSTRACT 

     In order to estimate accumulated excess pore pressures in the soil around a 
cyclically loaded (offshore) foundation structure, cyclic laboratory tests are required. In 
practice, the cyclic direct simple shear (DSS) test is often used. From numerous 
undrained tests (or alternatively tests under constant volume condition) under varying 
stress conditions contour diagrams can be derived, which characterize the soil’s behavior 
under arbitrary cyclic loading conditions. Such contour diagrams can then be used as 
input for finite element models predicting the load-bearing behavior of foundation 
structures under undrained or partially drained cyclic loading. The paper deals with the 
general behavior of a poorly graded medium sand in cyclic DSS tests under undrained 
loading conditions. Numerous tests with varying cyclic stress ratios (CSR) and mean 
stress ratios (MSR) have been conducted. Also the relative density of the sand was 
varied. A new set of equations for an relatively easy handable mathematical description 
of the resulting contour plots was developed and parametrized. In the original tests, the 
sand was poured into the testing frame and carefully compacted to the desired relative 
density by tamping. In offshore practice, a preconditioning of a soil sample is usually 
realised by cyclic preshearing with a certain CSR-value or additionally by preloading 
under drained conditions. By that, a more realistic initial state of the soil shall be achieved. 
In order to investigate the effect of such a preconditioning on the resulting contour 
diagrams, additional tests were conducted in which preshearing was applied and the 
results were compared to the test results without any preshearing. The results clearly 
show a significant effect of preshearing for the considered poorly graded medium sand.  
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1. INTRODUCTION 
 
     Many foundation structures, especially under offshore conditions, are subjected to 
intensive cyclic loading, which leads to cyclic shear stresses in the surrounding soil. 
Under such cyclic shear stresses, soil compaction generally occurs under drained 
loading, leading to accumulated plastic deformations of the foundation structure, or 
accumulation of excess pore water pressures under undrained loading, leading to a 
temporary reduction in the bearing capacity of the foundation structure. It is therefore 
important to know the behavior of the soil under cyclic shearing in order to derive 
predictions of deformation or pore water pressure accumulation. 
 
     The complex soil behavior under cyclic load can be investigated in cyclic direct 
simple shear (DSS) tests. A corresponding test program for a soil comprises numerous 
tests with variable stress boundary conditions, in which either the development of volume 
expansion or the build-up of excess pore water pressure is measured as a function of 
the number of load cycles. The results of such tests can be displayed graphically as 
contour plots and described by parameterized equations. In this form, the results can 
then be used as input values in calculation models for predicting deformation or excess 
pore water pressure accumulations. Examples of such calculation models are the NGI 
method (e.g. Andersen et Hoeg 1992) or the EPPE method (Saathoff et Achmus 2024a). 
 
     This paper deals with the behavior of sandy soil in DSS tests under cyclic undrained 
loading. The results of an extensive series of tests with a poorly graded medium sand 
are presented, from which parameterized contour plots were developed. The sample was 
not preconditioned, i.e. preloaded or presheared, before the cyclic test phase. In 
geotechnical practice, however, it is common practice to first apply a certain number of 
load cycles with a shear stress of a specified magnitude under constant normal stress. 
In addition, preloading and subsequent unloading with a normal stress can also be 
carried out in advance. This should take into account the formation conditions of the soil 
and any pre-loads in situ. For example, the test results reported by Andersen et al. (2015), 
which are often used as a reference, apply to a preloading of the sample with 400 cycles 
of a shear stress amounting to 4% of the initial vertical stress. It is to be expected that 
preconditioning leads to a lower accumulation of excess pore water pressures than 
without. However, the effect of a certain type of drained preloading and preshearing on 
the results of subsequent undrained shear tests is largely unclear. In order to gain 
indications on this effect, this paper compares the results of cyclic undrained DSS tests 
of dense samples with different preshearing procedures. 
 
 
2. CONTOUR PLOTS OF A SAND WITHOUT PRECONDITIONING 
 
     In Saathoff et Achmus (2024b), the results of extensive DSS tests under undrained 
conditions for a poorly graded medium sand were reported. The results of these tests 
are summarized below because they form the basis for assessing the influence of sample 
preconditioning. 
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     Figure 1 shows the result of an undrained DSS test schematically. The stress 
boundary conditions are given by the effective vertical stress at the start of the test 𝜎௩,଴

ᇱ , 
the mean shear stress mean, which is applied drained, and the undrained applied cyclic 
shear stress amplitude cyc. The cyclic stress ratio (CSR) and the mean stress ratio (MSR) 
describe the stress boundary conditions in dimensionless form: 
 
 𝐶𝑆𝑅 ൌ  

ఛ೎೤೎
ఙೡ,బ
ᇲ  (1) 

 𝑀𝑆𝑅 ൌ  ఛ೘೐ೌ೙

ఙೡ,బ
ᇲ  (2) 

 
 

 

Fig. 1 Results of a cyclic DSS test (schematic) 
 
     As the number of cycles increases, the excess pore water pressure u in the 
sample increases. The excess pore water pressure ratio Ru indicates the ratio of the 
excess pore pressure to the effective vertical stress at the start of the test 𝜎௩,଴

ᇱ : 
 

 𝑅௨ ൌ  ∆௨

ఙೡ,బ
ᇲ  (3) 

 
     Liquefaction of the soil sample is given when either the excess pore water pressure 
ratio becomes Ru=1 or when the shear strain amplitude exceeds a value of 5%. The 
number of cycles at which this is fulfilled for the first time is referred to as Nliq. 
 
 
     2.1 Sand material and testing conditions 
 
     The tests shown here were carried out with a poorly graded quartz sand with the 
designation S30T. The grain size distribution of this material is shown in Figure 2a. It is 
a medium sand with a coarse sand content of approx. 15%. The uniformity index is CU = 
2.0. The microscopic image of particles (Fig. 2b) shows that the particles have 
predominately subangular shape. The index parameters of the material are summarized 
in Table 1. 
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   (a)                                (b) 

Fig. 2 Grain size distribution of the investigated sand S30T (a) and microscopic images 
of particles (b) 

 
Table 1 Parameters of the investigated S30T sand. 

Name 
[-] 

Cu 

[1] 
Cc 

[1] 
emax 

[1] 
emin 

[1] 
ρs 

[g/cm³] 
S30T 1.8 1.0 0.789 0.493 2.65 

 
 
     The sand was poured into the test apparatus and compacted to the desired relative 
density by careful tamping. A load plate was then placed on the sample and a vertical 
stress 𝜎௩,଴

ᇱ  was applied for a consolidation time of 5 minutes. In the tests presented here, 
the initial vertical stress was not varied. The effective vertical stress at the start of the 
test was 𝜎௩,଴

ᇱ  = 100 kN/m2. All DSS tests were conducted at a frequency of 0.1 Hz. This 
low frequency was chosen to ensure adherence to the constant-volume boundary 
conditions. The CSR-values were chosen between 0.08 and 0.20. 
 
     Undrained tests normally require a saturated soil sample in which pore water is 
prevented from flowing out and the resulting excess pore water pressure is measured. 
Alternatively, tests can also be carried out with dry sand under constant volume (CV) 
conditions. In this case, the vertical load stress is controlled in such a way that no 
significant settlement of the load plate occurs. The decrease in vertical stress that then 
occurs can be approximately equated to the increase in excess pore water pressure in 
an actual undrained test (Airey et Wood 1986, Finn et Vaid 1977, Feda 1971). 
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     2.2 Results and contour plot approach 
 
     Only the results for MSR = 0 are presented in this paper because the tests with 
preshearing were also only carried out with MSR = 0. Results for MSR > 0 can be taken 
from Saathoff et Achmus (2024b). Figure 3 shows the results of test series with variable 
CSR values for MSR = 0 and relative densities of Dr = 0.4, 0.5, 0.6 and 0.85.  
 
 

 

Fig. 3 Measured excess pore pressure ratios over number of cycles for S30T sand with 
variable relative densities (MSR = 0) 

 
     From these test results, a contour plot, i.e. a relationship between the excess pore 
water pressure ratio, the number of cycles N and the cyclic stress ratio CSR, can be 
derived for each relative density. Figure 4 shows an example of such a plot for the relative 
density Dr = 0.85. The symbols are the results of the cyclic DSS tests. The plotted lines 
result from regression calculations using the equation given in the graph. The parameters 
a and b in this equation are functions of the pore water pressure ratio Ru. Details on this 
can be found in Saathoff et Achmus (2024b).  
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Fig. 4 Contour plot of the soil S30T sand with Dr = 0.85 (MSR = 0) 
 
 
     2.3 Scaling approach 
 
     Naturally, different contour plots result for different sands and relative densities. 
However, the basic curves of the contour plots for different sands are generally similar. 
It therefore makes sense to define a representative variable that can be used to 
approximately construct the contour plots for a particular sand. Andersen (2015) 
suggested using the value CSRNliq=10 as a characteristic value for sandy soils, i.e. the 
CSR value at which liquefaction occurs after exactly 10 cycles. The test results presented 
in Saathoff et Achmus (2024b) have also confirmed that the normalized representation 
of CSR/CSRNliq=10 over Nliq for different sands and relative densities produces 
approximately the same curve. Fig. 5 (a) shows the curve proposed by Andersen et al. 
(2015). Fig. 5 (b) shows the characteristic value CSRNliq=10 as a function of the relative 
density according to the results of Andersen (2015) and the results presented here and 
in Saathoff et Achmus (2024b).  

 

 
   (a)                                (b) 

Fig. 5 Normalized liquefaction curved proposed from Andersen (2015) (a) and 
comparison of CSRNliq=10 from Andersen (2015) and from the present study (b) 
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     Andersen's tests were carried out with a sand with angular grains and less than 5% 
fines (Baskarp sand), whereas the present tests were carried out with a pure sand with 
rounded (subangular) grains. Differences in soil behavior are therefore to be expected. 
However, the sand investigated here has significantly lower bearable CSR values and 
thus a much greater tendency to liquefy. However, the tests by Andersen (2015) were 
carried out with cyclic preshearing (CSR = 0.04, N = 400). It is reasonable to assume 
that at least some of the differences observed are also due to this. The results of tests 
with different preshearing procedures are therefore compared below.  
 
 
3. EFFECT OF PRESHEARING ON THE TEST RESULTS 
 
     3.1 Test program 
 
     For the test program presented here, only tests with dense S30T sand (Dr = 0.85) 
were carried out. The CSR values in the preshearing phase were selected as CSRpre = 
0.04 and CSRpre = 0.07, with Npre = 400 applied load cycles in each case. 
 
     Figure 6 illustrates the test phases for tests without (Fig. 6 a) and with preshearing 
(Fig. 6 b). In both tests, the initial vertical stress (here 100 kPa) is first applied and kept 
constant for some time (5 minutes), resulting in a consolidation settlement (negative 
volume expansion v, Fig. 6 right). In the test without preshearing, the cyclic load is then 
immediately applied with a specified CSR under constant volume (CV) conditions, 
resulting in a decrease in vertical stress until liquefaction is reached. In the test with 
preshearing, a cyclic shear phase is carried out under constant normal load (CNL) 
conditions after the vertical stress has been applied. Under the - in this case 400 - load 
cycles, the applied load stress remains constant and further settlement or compaction of 
the sample occurs (Fig. 6 b). Only after completion of the preshearing phase the cyclic 
load is applied under CV conditions and the decrease in vertical stress with the number 
of cycles recorded.  
 
     For this supplementary study, a total of 26 cyclic DSS tests were carried out with 
dense S30T sand. The CSR values of the CV phase were varied between CSR = 0.08 
and 0.20. Two identical shearing devices from the company GDC were used to carry out 
the tests. 
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Fig. 6 Different stages during a cyclic test without preshearing (a) and with 

preshearing (b)  
 
 
     3.2 Results 
 
     Fig. 7 shows the results of all conducted tests on preshearing effect in terms of the 
recorded number of cycles to liquefaction Nliq. The results obtained with the two (identical) 
devices DSS1 and DSS2 are shown separately to illustrate the unavoidable scatter in 
the test results. The solid trend curves and the filled symbols belong to tests with the 
DSS1 device, the dashed curves and the unfilled symbols to tests with the DSS2 device. 
It can be seen that although the results are very similar, they are not completely identical. 
This may also have been caused by slightly different installation conditions. Overall, 
however, the reproducibility of the results is quite good. 
 

 
Fig. 7 Liquefaction curves CSR-Nliq for a relative density of 0.85 

 



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     As expected, there is a clear trend towards increased liquefaction resistance with 
preshearing. For the same CSR value, the number of load cycles that lead to liquefaction 
increases with preshearing. If the mean values of the curves for the DSS1 and DSS2 
devices are taken as a basis, the resulting values for CSR = 0.1 are Nliq = 44 (without 
preshearing), Nliq = 67 (preshearing with CSRpre = 0.04) and Nliq = 195 (preshearing with 
CSRpre = 0.07). The characteristic value CSRNliq=10 is without preshearing CSRNliq=10 = 
0.135 and with preshearing CSRNliq=10 = 0.155 (CSRpre = 0.04) and 0.170 (CSRpre = 0.07), 
respectively. 
 
     Fig. 8 shows the trend curves from Fig. 7 in the normalized representation (see Fig. 
5 left), i.e. the CSR values are related to the characteristic reference value CSRNliq=10. It 
is obvious from Fig. 8 that preshearing has little or no effect in this representation. 
Accordingly, the scaling approach proposed by Andersen (2015) seems generally valid 
(i.e. independent of preshearing). Preshearing apparently only has a significant effect on 
the reference value CSRNliq=10. 
 

 
Fig 8 Normalised liquefaction curve for a relative density of 0.85 

 
 
4. SUMMARY AND CONCLUSIONS 
 
     The paper presents the results of extensive DSS tests on the behavior of a poorly 
graded medium quartz sand under undrained cyclic shear. Contour plots were derived 
and parameterized from the test results. In addition, a scaling approach was presented, 
which enables the estimation of complete contour plots based on a characteristic 
parameter that can be determined with just a few tests. 
 
     The test results were carried out with non-preloaded samples. In geotechnical 
practice, however, it is common practice to precede the undrained shear phase with a 
drained cyclic preloading phase. In order to quantify the effect of such a preloading on 
the test results, DSS tests were carried out on dense samples with and without 
preshearing phases. The results show a clear influence of a preshearing phase. As the 
intensity of preshearing increases, i.e. with the applied shear stress amplitude, the 



The 2024 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM24)
19-22, August, 2024, The K hotel, Seoul, Korea

  

liquefaction resistance (expressed by the number of load cycles leading to liquefaction) 
increases significantly. The characteristic parameter for the scaling approach also 
changes accordingly. However, the test results indicate that the presented scaling 
approach can generally be used because the normalized liquefaction curve does not 
change significantly due to preshearing.  
 
     The results of this study need to be supplemented insofar as only two possible 
preshearing measures were investigated. In further tests, the number of load cycles for 
preshearing should also be varied and the influence of vertical preloading should also be 
investigated. In addition, the results initially only apply to one relative density (Dr = 0.85). 
However, the test results clearly show an effect of preshearing and thus indicate a need 
for research into the effect of preconditioning of samples. 
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