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Abstract 

 

Soil Stiffness can vary over several orders of magnitude depending on the actual range of 

strain imposed by testing, or as a result of operational strains in geotechnical structures. Soil 

stiffness changes rapidly with strain level at low strain levels (0.01 - 0.1 %) and the variation 

with strain is not linear. Characterisation of the in situ small strain stiffness of stiff soils is 

important in geotechnical design; however, analyses of the mechanical behaviour of these 

soils is confounded by stiffness values that vary with strain level. 

Harley et al. (2016) demonstrate how stiff till cuttings are susceptible to progressive failure as 

a result of strain softening. As a consequence, the evolution of stiffness during progressive 

failure is both a key parameter in characterising pre-failure slope deformations and a key 

diagnostic of softening. Changes in strength (due to softening) should be reflected in 

commensurate temporal and spatial changes in stiffness; consequently, real-time, in situ 

measurements of stiffness would better define the progression of softening.  

Seismic surveys, which create small compression and shear strains, have been used to 

estimate in situ small strain elastic moduli.  These spatially extensive measurements can be 

correlated to temporal variations in stiffness from the monitoring of barometric loading 

efficiency. In this latter method, the pore pressure response of a grouted (sealed) piezometer 

to barometric pressure fluctuations is used to measure the compressibility (stiffness) of the 

formation. This article summarises the results of field trials within a cutting in stiff till in Northern 

Ireland in which these two techniques were used to characterise small strain stiffness.  
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30-50 % higher than the intact sample water contents (Table 1). This correction was carried 

out as the author believes that the Till behaviour is dominated by the clay matrix and, given 

the variability of the stone content in the Tills, the matrix water content was more indicative of 

the soil behaviour. A summary of the Particle Size Distribution (PSD) ranges for the 

Loughbrickland site is also presented in Table 1, alongside typical PSD ranges for another 

cutting site along the A1 at Dromore as well as typical ranges for Dublin Boulder Clays. It can 

be seen that the material is variable in nature, but with clay contents between 16 and 26 %. 

During excavation of the cutting, large inclusions of soils with higher clay content were also 

observed (Hughes et al., 2016; Kelly, 2018). These inclusions reinforce the appreciation of the 

highly heterogeneous nature of drumlin formations. 

2 SURFACE WAVE SURVEY 

Multichannel analysis of surface wave (MASW, Park et al., 1999) surveys were carried out at 

the Loughbrickland research site from May 2014 to assess the geological structure of the site 

(i.e. estimating the thickness of the till, identifying any inhomogeneity in its materials, mapping 

the surface of the underlying bedrock) and to offer an independent alternate estimation of the 

small strain soil stiffness. Surface wave (SW) surveys have been established as a reliable tool 

for the estimation of shear wave velocity (Vs) and small strain shear modulus (G) in the near 

surface (Nazarian and Stokoe, 1984; Gabriels et al., 1987; Foti, 2003).  

2.1 Data Acquisition 

Surface wave (SW) data were acquired along three transects, located at the crest of the 

cutting, at the toe, and on a berm crossing the slope transversely, at approximately half of the 

slope height (Figure 3). Data acquisition was achieved using 24 no. 4.5 Hz vertical geophones. 

Receivers were arranged in linear arrays with a regular spacing of 2 m (at the crest of the 

slope), 1 m (at the berm) and 0.25 m (at the toe), following the necessity to ensure greater 

investigation depths (proportional to the length of the seismic transect, (Socco and Strobbia, 

2004) as the elevation increases. The seismic source was a 4.5 kg sledgehammer (crest and 

berm acquisitions) or a 450 g claw hammer (toe acquisition) hitting a metal plate placed on 

the ground surface. The seismic source was positioned at both ends of the recording arrays 

(Socco and Strobbia, 2004).  

A key issue encountered during the acquisition of the seismic data was that the site is located 

beside a busy dual-carriageway; therefore, a high level of undesired noise due to traffic was 

present in the collected seismic traces. This problem was mitigated by operating the seismic 

source multiple times at each shooting position and then stacking (i.e. summing) the sets of 

data with the same source-receiver configuration, so as to maximize the ratio between the 

signal generated by the sledgehammer and the incoherent noise (Foti et al., 2015).  

2.2 Data Processing 

Recorded seismograms (Figure 4a) were translated to the frequency-wavenumber (f-k) 

domain, where SW frequency components can be easily identified due to their greater energy 

content (Figure 4b). Energy maxima were picked (white asterisks in Figure 4b), thus obtaining 
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measured during conventional soil sampling and laboratory testing. Both methods provide a 

procedure to gain new insight into stress changes and temporal stiffness variation within soil 

formations in both rural and urban environment, without going down the route of expensive 

and time consuming laboratory testing, as well avoiding the difficulties associated with 

obtaining high quality samples for testing stiff soils. 

In situ soil stiffness profiles are required if reliable predictions of displacement patterns around 

new and existing infrastructure are to be made, particularly in urban areas. In industry, the 

measurement of soil stiffness profiles for a range of applied civil engineering research 

applications would be beneficial, for example deep foundations and retaining wall construction; 

as aforementioned, the small strain elastic modulus of stiff soils can vary over many orders of 

magnitude for small operational strains, which makes predicting ground displacement patterns 

due to tunnelling and deep excavations a difficult task. Derivation of the small strain 

constrained modulus, in conjunction with stiffness degradation data, will also be suitable for 

tunnelling and slope stability assessment. However, further research is required, which will 

require close links with industrial project partners from engineering consultants and 

contractors, to allow researchers to directly feed outputs of the research into applied research 

in practice, through existing projects. Suitable existing piezometer data, or re-activated 

monitoring sites under industrial partner ownership would allow data exploitation to gain 

valuable stiffness information. 

It should be noted, that methods of measuring in situ elastic properties of soils and soft rocks 

are required in the accompanying fields of geography, geology, hydrogeology and resources 

extraction, and would therefore be beneficial across numerous sectors internationally. For 

example, Argillaceous sediments (clay-rich aquitards, commonly referred to as shales) with 

low hydraulic conductivities (<10-8 ms-1) make up 2/3 of all sedimentary rocks on Earth (Smith 

et al., 2016). It is these Shales that typically control recharge and chemical transport to 

adjacent aquifers, as well as act as isolating units to protect shallow groundwater from 

contamination by fluid or gas migration from deeper formations. Management and protection 

of these groundwater resources is often dependent on accurate determinations of the 

geotechnical properties of formations, therefore Smith et al. (2016) utilised a barometric 

loading efficiency method to understand the stress behaviour of Argillaceous aquitards. 

It should be noted that these are evolving techniques used in cutting-edge practice in Canada, 

for applications including accurate determination of hydrogeological properties of aquitard 

formations, and compressibility of aquitard formations which can influence yield to adjoining 

aquifers, subsidence from fluid extraction, propagation of stress changes (Smith et al., 2013) 

and in calculating specific storage (Cook et al., 2017). Hendry et al. (2017) utilise the 

barometric loading method to assess a site with dynamic groundwater conditions due to 

fluctuating river levels, which illustrates the robustness of the method in a dynamic 

environment which historically was difficult to characterise. Both techniques are currently 

underutilised, and could be more widely used in the UK and Ireland.  
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Table 1. Summary of soil classifications (after Kelly (Harley), R.M.G. (2018)) 

Loughbrickland 
(average values) 

Loughbrickland 
(Clarke, 2007) 

Dromore (Hughes et al., 
2007) 

Dublin Boulder Clay 
(Long and Menkiti, 

2007) 

Plastic Limit 

(%) 
14.6 

(14-21) 

17.8 

(14-23) 

18.2 
14.9-15.9 

Liquid Limit 

(%) 
37.7 

(30-44) 

37.4 

(30-41) 

38.1 
21-30 

Plasticity Index 

(%) 
23.1 

(10-25) 

19.6 

(18-25) 

20 
11.8-15.1 

Moisture Content 

(%) 

Gravel removed 

16 

With gravel 10-17 

Gravel removed 15-24 

With gravel 9.5-15 

Gravel removed 15.3-21.6 
10-13.1 

Clay content 

(%) 
20 

(16-26.6) 

22 
13-15 10-17.8 

Silt content 

(%) 
26 

(12.3-44.7) 

26 
15-38 17-30.5 

Sand content 

(%) 
28 

(10.8-47.4) 

27.1 
16-31 25-34 

Gravel content 

(%) 
24 

(9.2-47.4) 

23.5 
21-61 28-46.3 
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