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Abstract: This paper demonstrates the possibility of producing a site investigation optimization guideline that is generalized 

with respect to building area and height. This has been achieved by considering the case of a single layer soil profile with 

worst-case variability conditions. The optimization itself was undertaken with a statistical framework that determines the 

total expected cost associated with a given investigation, within a Monte Carlo analysis. By comparing testing and expected 

failure costs, the optimal investigation is that found to be the cheapest overall. The results have been generalized for 

structures by examining a range of structural configurations and identifying relationships that can be described 

mathematically. Practicing engineers can use this information as a rough guide for planning their investigations with cone 

penetration tests (CPTs), regardless of the size of the structure. Furthermore, they can inform clients of the relative cost 

savings by incorporating additional CPTs. All of this can be achieved using the provided investigation performance equation. 

An inspection of relative investigation performance has shown that one can save over AUD$4 million for a moderately large 

structure. 
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1 Introduction 

 
Geotechnical site investigations are an essential part of civil engineering works, as they help characterize the 
subsurface profile, and remove uncertainty inherent to the ground. In fact, site investigations are arguably the 
highest element of technical and financial risk, with insufficient or inappropriate investigations resulting in 
construction delays (Jaksa 2000; Albatal et al. 2013), change orders (Loehr et al. 2015), foundation failure (Moh 
2004), and overdesign (Clayton 2001). Despite these risks, there is no quantitative guideline to help engineers 
plan their investigations with regards to their particular soil and structure. Rather, investigation scopes are often 
dictated by budgetary constraints (National Research Council 1984; Jaksa 2000). 

This paper presents an analysis of site investigation performance with regards to structural configuration, 
specifically the building plan area and number of floors. The analysis was undertaken using a statistical 
framework derived from Jaksa et al. (2003), and more recently refined and elaborated by Crisp et al. (2019a). 
The framework allows for the risk of site investigations to be financially quantified for a given structure, by 
assigning structural repair costs corresponding to damage, should the investigation be insufficient. These costs 
typically decrease as site investigation scope increases, however at the same time, the cost of the investigation 
increases. The combination of these competing costs presents a tradeoff, whereby the investigation 
corresponding to the lowest total cost is optimal. As this is a statistical framework, it is the average failure cost 
that is considered; in other words, both the likelihood and consequences are reflected in the failure cost function. 
As such, this framework recommends investigations that are most likely to result in the lowest total cost for a 
given structure and set of soil conditions. 

There have been a number of studies examining the influence of site investigation scope on total cost, 
including Jaksa et al. (2005), Goldsworthy (2006), Goldsworthy et al. (2007) in the context of pad footings, and 
Arsyad (2009); Crisp et al. (2018, 2019b) with regards to piles. However, a key limitation across the literature is 
that, within each study, a single structural configuration was examined. Typically, these structures have been 
20m × 20m in plan, and consisting of roughly 5 floors. While optimal investigations were identified in terms of 
an absolute number of boreholes, it is likely that this borehole number will vary along with the structure size. 
Unfortunately, there is no information on whether the recommendations within the aforementioned studies are 
applicable to structures with alternate configurations to that described above. On the other hand, Eurocode 7 
recommends borehole spacing in the order of 15-40 m arranged in a grid pattern for high-rise and industrial 
buildings (Simpson 2003). This recommendation format does scale with plan area; however, it remains a 
somewhat vague and broad guide that does not relate to the height of the buildings or soil variability. 

Using the aforementioned framework to address the gaps detailed above, the aims of this study are: 
1. To determine whether it is possible to capture and identify a generalized relationship between optimal 

investigations and building size, by doing so for a single soil case. 
2. To define optimal investigations for a variety of structural configurations. 
3. To provide a tool for practicing engineers to plan optimal site investigations, in an approximate manner. 
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2 Methodology 

 

2.1    Framework overview 

The aforementioned framework is described in detail and validated by Crisp et al. (2019a), and the authors refer 
readers to this document for further details. Briefly, site investigation performance, given as total expected 
project cost, is determined through the use of Monte Carlo analysis with 8,000 realizations. Within each 
realization, a random, variable, single layer virtual soil profile is generated. These profiles consist of a volume of 
soil properties over a 3D grid of discrete elements, elaborated upon in the next section. As the properties within 
these soils are known, it is possible to conduct a wide variety of virtual site investigations by extracting columns 
of soil samples at their respective physical locations. The properties of these samples, are used to construct an 
idealized soil model from which the pile foundations are designed using a settlement model, detailed below.  

As the properties within the soil are fully known, the true performance of these foundations, in terms of 
differential settlement, can be identified. The true foundation performance is obtained using the aforementioned 
settlement model, where the original, variable virtual soil is used as input for the material properties. Differential 
settlement has a well-defined relationship to structural damage, described below. Therefore, by assigning repair 
costs to this damage, costs can be associated with foundation failure and by extension, with various magnitudes 
of site investigation inadequacy. These failure costs are derived from various magnitudes of damage defined by 
Day (1999) and repair costs defined by Rawlinsons (2016), whereby the ultimate failure requires demolition and 
rebuilding, approximated by the building�s total construction cost (CC). The normalized failure cost (CF) is the 
expected failure cost as a proportion of construction cost per square meter, per floor.  

For a given differential settlement (δ), CF is linearly interpolated between $0 at 0.003 m/m, and $1 at 0.009 
m/m, resulting in a value between 0-1. The total failure cost can then be obtained by scaling this value with by 
CC. Practicing engineers can substitute their own estimate of the construction cost. However, in the present 
study, CC is calculated for n floors and area A as seen in Eq. (1), derived by Crisp et al. (2019a). Note that 
construction costs for the superstructure and foundation are not considered, as they were found to have a 
negligible impact on the average results. The currency is Australian dollars. 

 (1) 

Pile design is undertaken using the pseudo-incremental energy (PIE) method (Ching et al. 2018). The PIE 
method approximates a linear-elastic finite element (FE) model, which has been deemed to be the most suitable 
within the context of this research, as described by Crisp et al. (2019a). The model consists of 0.5 m cubic 
elements and a rigid pile with a vertical applied load. The width of the mesh around the pile is 20 m, with the 
depth of the mesh being 40 m. The method scales the deterministic pile settlement according to a distance-
weighted average of soil properties around the pile. The weight for a given soil/mesh element (W) is determined 
from the associated FE model, using a combination of stress (σ) and strain (ε), both normal and shear, as given in 
Eq. (2). 

 (2) 

2.2    Virtual soils 

Within this study, the virtual soils are random fields (Vanmarcke 1983), which are generated with the local 
average subdivision (LAS) algorithm (Fenton and Vanmarcke 1990). LAS is widely used throughout the 
literature, has been described in extensive detail, and Fortran open source code is available (Fenton and Griffiths 
2008). As such, the algorithm will not be described here due to space constraints. The soil properties are 
randomly generated according to a lognormal distribution, and correlated with an exponential Markov 
correlation model, as is typical in the literature. As a linear-elastic FE model is used, the two required properties 
are: Young�s modulus (E), which is represented by the random field, and Poisson�s ratio (v), which is held 
constant at 0.3, as the results are not sensitive to the variability of this parameter (Naghibi et al. 2014). 

In terms of the resulting virtual soils, the properties of random fields are described by three parameters; the 
mean, standard deviation (typically normalized by the mean to produce the more widely applicable coefficient of 
variation, or COV), and the scale of fluctuation (SOF) (Vanmarcke 1983). The latter two parameters specify 
spatial variability, with COV determining its magnitude, and the SOF its spatial distribution, as it defines the 
distance over which soil properties are correlated. In effect, small SOF values result in rapid variation of 
properties over distance, while higher values produce more continuous soil with larger pockets. 

 

2.3    Site description and soil investigation 

As the building size is variable within this study, the analysis will involve the use of a single soil case. Worst 
case soil properties are used; i.e. COV = 80% and SOF = 16 m, where the latter is speculated to correspond to a 
10m pile spacing (Fenton and Griffiths 2005). The soil consists of 0.5 m cubic elements covering a site 80 × 80 
× 40 m in the x, y, z dimensions. The mean soil stiffness is 10n MPa, where n is the number of floors. In other 
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words,  stiffness is proportional to building weight, so that the piles are an identical length regardless of the 
building height.  

Four square building areas are considered, with lengths of 10, 20, 30 and 40 m as shown in Figure 1(a), with 
new piles added at 10 m spacings, as needed. The piles are rigid, and are designed to a 25 mm settlement 
tolerance, with the resulting piles being between 0 and 20 m in length, and a 0.5 m square in plan. The 
investigation area always corresponds exactly to the structure�s plan, and testing locations are shown in Figure 

1(b). Besides the sets of 1-5 testing locations, all are distributed across a regular grid, where the x and y spacing 
is as equal as possible.  

Cone penetration tests (CPTs) are considered in the present study. The testing cost is $77 per meter, per 
CPT, and testing is conducted to a depth of 20 m. Three sets of random errors are added to the data in order: 
random bias per borehole (based on each borehole�s mean), random error per sample, and random global bias 

(based on the global mean). These errors are unit-mean, lognormally distributed values with coefficients of 
variation 15, 20 and 15% respectively (Crisp et al., 2019a). Uniform material properties are used throughout the 
soil model, where the effective value of E, Eeff, is one geometric standard deviation below the geometric mean of 
k soil samples (s). This transformation is termed the SD reduction method, seen in Eq. (3). 

     

���

                   (3) 

 

                          
(a) (b) 

 
Figure 1. Structure footprints for 10 × 10 m, 20 × 20 m, 30 × 30 m, 40 × 40 m buildings shown upon the soil, and;  

(b) a series of CPT layouts for different numbers of tests over the structure footprint. 

 

3 Results and Discussion 

 

3.1    Analysis of site investigation performance  

Two sets of analyses are presented to examine site investigation performance for different numbers of CPTs. 
This includes Figure 2(a), which examines performance across a set of 1, 5, 10 and 15 floors with a constant area 
of 40 × 40m, and Figure 2(b), with a similar comparison across a range of areas of 1,600 m2, 900 m2, 400 m2 and 
100m2 with 5 floors. In both scenarios, it can be seen that the optimal number of CPTs increases as the building 
size increases. In the case of building height, due to stiffness being proportional to load, the site investigations, 
foundation, and likelihood of failure is identical across all scenarios. However, the magnitude of failure 
increased as more total area is damaged, and further repairs are needed. This affects the cost trade-off, such that 
additional CPTs are required to achieve optimal cost. This additional total area argument extends to structures 
with larger plan area. However, in this case, a larger amount of ground is also covered by the foundation, and so 
additional CPTs are required across that new area to maintain a reasonable sampling of the ground.  

Inspecting Figure 2(a), 4 CPTs are optimal for a 40 × 40 m structure with one floor, however this quickly 
rises to 16 CPTs in the case of 15 floors. In the 15 floor case, roughly $4 million net can be saved with sufficient 
testing, despite the additional expenditure on soil testing. The cost savings are more modest in Figure 2(b) for the 
values inspected, however there is considerable variation in the optimal number of CPTs. Two CPTs are optimal 
in the case of a 10 × 10 m building, increasing to 9 CPTs with the 40 × 40 m building. In no case is a single CPT 
optimal, as suggested by previous studies. Although these studies examined a small number of boreholes, 
resulting in a low-resolution cost curve, and the 2 CPT case was also not included. A two-CPT strict minimum is 



Proceedings of the 7th International Symposium on Geotechnical Safety and Risk (ISGSR) 385

understandable, as Crisp et al. (2019b) determined that, even in relatively uniform soils, additional CPTs should 
be undertaken if only to overcome the random testing errors that are inherent to soil sampling. 

 

3.2    Determination of optimal investigation relationship 

The aim of this section is to derive a generalized relationship for the total expected cost of a given number of 
CPTs for a given area and number of floors. The testing cost for a given site investigation can be readily 
determinable by a civil engineer. Therefore, it is the expected failure cost associated with a particular 
investigation, normalized as a proportion of construction cost per unit area and unit floor, that is the focus here. 

 

    
                                       (a)                                                                                                 (b) 

 
Figure 2. Site investigation performance across a range of CPTs for (a) 4 sets of floors with a 40 × 40m area, and;  

(b) 4 sets of areas with 5 floors. 

The normalized failure cost can already be scaled for a given number of floors, using Eq. (1). Therefore, 
relationships must be identified for the area and number of CPTs. When the normalized failure costs are plotted 
with respect to area, as shown in Figure 3(a), it is apparent that they conform to a power relationship. Indeed, a 
power curve fitted using least-squares regression shows good agreement with the original data, as shown. The 
power curve has been fitted using the case of a single CPT across the 4 areas. This simple curve provides a 
convenient way of generalizing the failure cost to buildings of any plan area.  

Support for the power relationship for area generalization is reinforced by the fact that the curve fitted using 
a single CPT, is appropriate for all numbers of CPTs when scaled, as seen in Figure 3(a). Therefore, it is possible 
to scale normalized failure cost by an adjustment factor. The adjustment factor F1 for a set of t CPTs and area A 
can be achieved by scaling the normalized cost associated with t CPTs (CFt) by that of a single CPT (CF1) from 
the 40 × 40 m plan area, and multiplied by the aforementioned power curve as seen in Eq. (4): 

 (4) 

In regards to identifying a relationship for the number of CPTs, the normalized failure costs for a set of 
CPTs for the 40 × 40 m area is given in Figure 3(b). The trend resembles that of a rational function, which is the 
ratio of two polynomials. Again, such a curve is fitted using least-squares regression and compared against the 
original data in Figure 3(b), where good agreement is noted. There is the added benefit that the fitted curve 
provides a desirable degree of smoothing to the data. The minor roughness of the points is most likely due to 
some sets of CPT numbers having a more optimal layout than others. For example, cases where there are equal 
numbers of CPTs in the x and y directions tend to have better performance than similar numbers of CPTs with 
unequal spacing.  

Although it is not shown here, the function in Figure 3(b) continues to increase as the number of CPTs 
increases, from the lowest point of roughly 30 CPTs, towards an asymptote of 0.0480, compared to 0.0477 seen 
at 100 CPTs. This initially appears counter-intuitive, that more CPTs result in higher normalized failure, than a 
more moderate amount. However, beyond a certain number, additional CPTs are typically taken at a notable 
distance from the pile, in regions where the soil properties do not impact the foundation. Therefore, these 
additional CPTs contaminate the collected data with irrelevant samples, which degrades the quality of the 
resulting soil model.  

The failure cost reaching an asymptote is also symptomatic of how, in the single layer case, the amount of 
soil information becomes saturated, where additional CPTs provide no additional value. The fitted rational 
function seen in Figure 3(b),  describing normalized failure cost for a set of t CPTs, CFt, is given in Eq. (5). 
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 (5) 

With the above information, it is possible to determine the total expected failure cost, CT, for a given number 
of CPTs, building area, and number of floors, using only Eq. (6), which combines the construction cost from Eq. 
(1), the area and CPT correction factor from Eq. (4), and the normalized failure cost for a given number of CPTs 
from Eq. (5). Again, the construction cost, CC, can be specified directly by the engineer. For a wide variety of 
CPT numbers, and by adding in the associated cost of CPT testing, Eq. (6) provides a tool for practicing 
engineers to determine the optimal number of CPTs for their site, by minimizing total expected cost. 

 

          
                                                                  (a)                                                                                (b) 

 
Figure 3. Fitted functions vs original data for normalized cost as (a) area varies, for a set of CPTs, and; (b) the number of 

CPTs varies for a 40m × 40m area. 
 

 (6) 

To illustrate the usefulness of Eq. (6), a range of recommended numbers of CPTs for a given area and 
number of floors is shown in Figure 4(a). Using Eq. (6), an analysis is conducted to determine optimal average 
CPT spacing for a range of floors and areas, as seen in Figure 4(b). A slightly staggered appearance is noted in 
the resulting curves. This is because CPT spacing increases as building area increases for a given number of 
CPTs, however a drop in spacing is noted as the optimal number of CPTs increases. It is expected that a 
smoother relationship could be obtained if the CPT locations were optimized to produce smoother cost curves. 

In the case of a single floor, there is variation from roughly 20 m CPT spacing to 30 m, as the area increases. 
However, in the case of 20 floors, the recommended spacing ranges from 5 to 20 m. These findings imply that 
the 15-40 m spacing given by Simpson (2003) is unconservative in its upper estimates. The results also show 
how a broad �rule of thumb� recommendation, like the aforementioned 15-40 m spacing, is not sufficient in 
practice, as the optimal spacing varies with situation. In this case, the recommended CPT spacing increases with 
area in what is also a power function-like curve, while decreasing with the number of floors. 

 

4 Conclusion 

 
The present study is the first instance to present a method to determine optimal site investigations, which have 
been generalized for structural configurations. An equation has been developed which allows practitioners to 
determine the expected failure cost penalty for a given number of CPTs. This failure cost, combined with that of 
undertaking CPTs, which can be readily determined prior to the investigation, forms a tool which can determine 
the optimal number of CPTs, by calculating the minimum total expected cost. Additionally, this relationship can 
be used to identify cost savings associated with more thorough investigations. A brief analysis was conducted to 
identify the optimal numbers of CPTs and average CPT spacing for a range of building areas and heights.  

It should be noted that the single layer assumption considered in this paper is a simplification of reality, as 
many layers are typically found in practice. Therefore, these recommendations should be taken as a minimum. 
However, as the soil investigated is a worst-case of this simplified single layer scenario, the authors consider the 
given method and associated recommendations a reasonable trade-off with respect to soil complexity, whereby 
the recommendations can be used as a generalized minimum number of CPTs for all soil cases. 

Further work could involve optimizing the CPT locations with respect to the foundations, as well as 
extending the analysis to additional tests. A wider range of soil cases might be investigated, including alternate 
combinations of coefficient of variation and scale of fluctuation, as well as multiple-layer scenarios. However, 
simpler soil cases, such as that considered in this study, are typically easier to generalize to a wider range of 
soils. 
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                               (a)                                                                                               (b)  

Figure 4. Recommendation based on building area and number of floors for (a) the optimal number of CPTs, and;  
(b) average CPT spacing. 
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