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ABSTRACT

The current state of practice in soil-structure interaction (SSI) modelling in New Zealand was investigated
through an industry-wide questionnaire. This used a mixed methods, sequential explanatory research design
involving the collection of quantitative and qualitative questionnaire data, as well as follow-up focus groups.
Several statistically significant relationships were observed for SSI modelling approaches between different
engineering fields, company sizes, and years of experience.

The key findings from this study suggest that there is no consensus on the best SSI analysis methods,
modelling strategies, or guidelines to be used. Overall, fixed base analysis remains the most popular method
across all company sizes and number of years of industry experience. Engineers from large companies
reported higher consideration for SSI modelling and use of performance-based design for design projects,
which perhaps reflects the scale and complexity of projects carried out in those companies. However when
SSl is considered, analyses are typically limited to nonlinear vertical springs under the foundation as part of
a dynamic analysis. Use of SSI for buildings is typically limited to seismic assessments and complex or
otherwise high importance structures. However, bridge engineers routinely used pushover analyses with
linear and nonlinear springs and dynamic analyses with nonlinear springs, in contrast with the rest of the
industry.

There is further room to improve on the quality of communication and interaction between structural and
geotechnical engineers. A lack of specific guidance on when SSI should be considered was reported,
alongside broader training issues to ensure that structural and geotechnical engineers fundamentally
understand the requirements and input/output needs of each role.
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INTRODUCTION

The response of a structure to earthquake shaking is affected by
interaction between three linked systems: the structure, the
foundation, and the soil underlying and surrounding the
foundation [1]. Soil-structure interaction (SSI) analysis
evaluates the collective response of these systems to a specified
ground motion. SSI effects are absent for the theoretical
condition of a rigid foundation supported on rigid soil.
Accordingly, SSI accounts for the difference between the actual
response of the structure and the response of the theoretical,
fixed base condition.

Conventionally, SSI effects have been considered beneficial in
reducing the structural response of buildings. A traditional
approach is to modify the fundamental period and associated
damping of the corresponding fixed-base system. Research by
[2] and [3] demonstrates that SSI effects can significantly affect
the dynamic response of structures. The authors show that the
fundamental period of a single-storey building, as well as the
amplitude of the equivalent input acceleration, always increases
as a result of the dynamic coupling between the structure and
the soil.

These effects were also observed in multi-storey buildings to a
lesser extent, and were negligible in very tall structures. Further
support to the argument of beneficial SSI effects stems from
analytical studies of the seismic response on elastoplastic
oscillators using both fixed-base [4] or flexible support
approaches [5]. The authors show that an increase in the

fundamental period due to SSI can result in a decrease in
ductility demand imposed on the elastoplastic oscillators.

Despite the omission of nonlinear soil behaviour in early studies
of SSI, the assertion that these effects are beneficial in reducing
the seismic response of structures forms the basis of past and
current seismic design provisions [6-8]. The lack of a standard
foundation design code in New Zealand is of significant
concern [9], and the poor communication between structural
and geotechnical engineers in the area of foundation design can
lead to serious miscalculation of design factors of safety. In
practice, factors of safety in the order of 1.1 are permitted [10],
which may result in excessive rotations and unpredictable
deformation at the foundation level.

Case studies from past New Zealand earthquakes can be used
to demonstrate the significance of SSI effects. Differential
settlement of structures was widely observed following the
2011 Canterbury Earthquake sequence. In the case of flexible
foundation systems, this led to excessive induced stresses in the
sub- and super-structure, as shown in Figure l1a. On the other
hand, stiffer structures suffered from rigid body rotation, as
shown in Figure 1b.

A recent investigation into the performance of the Statistics
House in Wellington following the 2016 Kaikoura earthquake
found that ground motion amplification led to the partial
collapse of the flooring system. SSI effects and basin-edge
amplification led to larger seismic demands on the structure
[12]. Gazetas et al. [13] highlighted that the collapse of
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expressway piers in the 1995 Kobe earthquake is likely to have
been caused by similar site and SSI effects.
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Figure 1: (a) Differential settlement leading to induced
foundation and superstructure stress; and (b) rigid body
rotation of a structure [11].

The primary objective of this paper is to answer the research
question “What is the current New Zealand state of practice in
SST modelling?”. To achieve this, an industry-wide, online
questionnaire was distributed via the Structural Engineering
Society New Zealand (SESOC), the New Zealand Geotechnical
Society (NZGS), and the New Zealand Society for Earthquake
Engineering (NZSEE). The questionnaire was live from July to
October 2020, and follow-up focus groups were held from
November to December 2020. The resulting quantitative and
qualitative data were analysed, providing insights into industry-
wide trends in SSI modelling and their statistical significance.

METHODOLOGY

To the authors’ knowledge, there have been no similar studies
with regards to the state of practice in modelling SSI effects in
New Zealand. The most relevant state of practice outreach in
literature was conducted by NEHRP [14] with a focus on US
practice, however, this was based on informal and anecdotal
conversations with a small sample of targeted/selected
individuals.

The current study used a mixed methods, sequential
explanatory research design [15], incorporating an online
questionnaire and follow-up focus group sessions. The next
sections give an overview of mixed methods designs, including
their advantages and disadvantages. This is followed by an
outline of the mixed methods sequential explanatory design and
the rationale behind why it was chosen for use in this survey.

Mixed Methods Research

Mixed methods research designs are carried out to collect,
analyse and integrate both quantitative and qualitative data with
the aim of gaining an in-depth understanding behind the

research questions [16]. Quantitative data is usually represented
numerically and is interpreted via statistical analyses. However,
qualitative data is typically more descriptive and can provide
further insights into the research problem. The overarching goal
of mixed methods research design is to expand one’s
understanding and gain depth of insight into the topic being
studied, as opposed to corroborating findings within one study
[17]. The benefit of combining both quantitative and qualitative
data into a single study is to take advantage of the strengths of
each method and to therefore develop a more comprehensive
overview of the topic being studied [15]. Disadvantages of
mixed methods designs typically relate to the length of time
needed to undertake the research and the complexity of analysis
[18].

Sequential Explanatory Design

Sequential explanatory design is perhaps the most popular
strategy for mixed methods research in the field of education
[19]. This design is characterised by two distinct phases, the
first being quantitative and the second being qualitative [18].
The qualitative data collected in the second phase helps to
explain and elaborate on the quantitative data collected in the
first phase. This strategy typically gives more weight to the
quantitative data, with these results informing the qualitative
data collection. The qualitative component of the research is
usually smaller and explores a few cases out of those studied in
the quantitative phase.

The mixed methods sequential explanatory design allows for
the strengths of both quantitative and qualitative research
methods to be utilised in combination, without the occurrence
of overlapping weaknesses between the two techniques [20].
Furthermore, this design can be particularly useful when
quantitative data provides unexpected results, as the second
stage can be used to examine the results of the first stage in
greater detail. Some of the challenges of using this type of
mixed methods design include determining how much priority
should be given to the quantitative data and how to select the
sample that is to be studied in the qualitative phase [15].

Questionnaire

The questionnaire was structured in three distinct parts. Part 1
contained an introduction and instructions page, and comprised
of general questions such as:

e “Which engineering field do you most associate with?”’;

e “Which region of New Zealand do you predominantly work
in?”; and
e “How many employees work at your company?”.

The answers were either multiple-choice selections or drop-
down fields. These types of questions and their answers were
used to identify groups and subgroups within the data, with a
view of investigating inter-group relationships. As the
questionnaire was completed anonymously, company size was
thought to be an important proxy for items such as the type and
value of projects, or availability of modelling resources.

Part 2 of the questionnaire opened with a definition of SSI and
comprised of quantitative and qualitative questions relating to
each participant’s use of SSI. Two such examples for the former
were “How often do you use performance-based design?” and
“How often is SSI considered for projects you are involved
in?”, with their answers consisting of seven-point Likert-type
scales [21] covering a range of Never (1) to Always (7).
Qualitative questions included:

e “What types of projects typically demand SSI
consideration?”;

o “Which aspects of SSI do you typically consider?”’; and



e “What codes and / or guidelines do you follow?”.

Answers to these types of questions were entered as short-form
text by participants. This section also included a binary filter
question: “Do you have experience in applying soil-structure
interaction (SSI) analyses to design projects?”. Participants
who selected “No” would finish the survey upon completion of
Part 2, while those who selected “Yes” would carry on to the
final section.

Part 3 of the questionnaire contained mostly quantitative
questions relating to analysis methods, familiarity with
implementing specific SSI models, and perceived barriers to
implementing these. The referenced models are similar to those
used by NEHRP [14] and range from fixed base, structure only
to a full substructure model with horizontal and vertical springs,
dashpots, foundation rotation, and multi-support excitation.

There were no selection or exclusion criteria applied for
participating in the questionnaire, aside from the fact that the
survey was only distributed through New Zealand professional
engineering societies SESOC, NZGS, and NZSEE. The
questionnaire could be completed anonymously, with an option
to opt-in to follow-up focus group participation. Due to the
sample size and make-up of the questions, it was not possible
for the research team to infer specific identities of any of the
participants.

Focus Groups

Groups of four to five participants who opted-in through the
questionnaire gathered to discuss some of the emerging themes.
No prior preparation was required before attending a focus
group, and no attempt was made to link any questionnaire
results to participants. Each session was recorded, transcribed,
and anonymised of personal information. The focus groups
made use of the Chatham House Rule [22] to aid free discussion
of the topic without revealing the identity or affiliation of the
speakers or participants. Transcripts of the focus group
discussions were not linked to any personal details of the
participants to maintain confidentiality of the responses.
Participant lists were not retained following the completion of
the sessions.

RESULTS AND DISCUSSION

Quantitative Questionnaire Data

In carrying out the proceeding statistical analyses, left-
censoring [23] was used for the company size and years of
experience variables, as their highest values were open-ended
which would introduce a level of subjectivity in choosing an
appropriate midpoint of the censoring interval [24]. Tests of
significance and measures of association were conducted on the
quantitative data by treating Likert scales, company sizes, and
years of experience as ordinal variables [25]. Kendall’s Tau-b
has been predominantly used in this study, as it is a
nonparametric measure of the strength and direction of
association between two variables measured on at least one
ordinal scale [26, 27].

Overview and Descriptive Statistics

A total of 142 responses were recorded for the questionnaire,
however small discrepancies in total numbers are due to
incomplete fields in participant data. The number of
participants by engineering field and company discipline are
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shown in Figure 2. From a regional split, 102 participants
reported as working in the North Island, compared to 36 in the
South Island. This is shown in Figure 3, along with the self-
reported years of experience in their engineering field. Figure 4
shows the reported company size for each participant.
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Figure 2: Number of participants by (a) engineering field
and (b) company discipline(s).
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Figure 4: Number of participants by company size.

While it is not possible to directly calculate the total number of
SSI practitioners in New Zealand, there are some hints within
the data that the questionnaire captured a large proportion of
engineers that commonly consider SSI. In fact, 83% of
participants answered “Yes” when asked “Do you have
experience in applying soil-structure interaction (SSI) analyses
to design projects?”. It would be unreasonable to assume the
same proportion applies to the entire New Zealand earthquake
engineering community. Based on the focus group discussions
with senior members of large engineering firms, it appeared that
“not so many people, ... a handful” carry out any form of SSI
design in those companies. This apparent bias in the
respondents’ familiarity with SSI analyses appears natural, as
individuals who have never worked with SSI may have ignored
the survey requests or may have otherwise felt like they had
nothing to contribute and therefore opted not to participate.

The engineering field (i.e., structural, geotechnical, civil) was
viewed as an evident starting point to observe potential
differences in response between groups of engineers. A sample
set of five questions are shown in Table 1 along with their mean
(M), standard deviation (SD), and number of participants (N).
The numerical values for M are representative of the Likert
Scale used for each question. An example of the seven-point
scale used for the first two questions is 1 (never), 2 (rarely), 3
(sometimes), 4 (about half the time), 5 (reasonably often), 6
(most of the time), and 7 (always). Higher values reflect a more
affirmative answer to a question. For each question, Student T-

Tests were carried out to establish statistically significant
differences in answers from structural, geotechnical, and civil
engineers. Except for the question “How often do you use
performance-based design?”, there were no statistically
significant differences (using a p-value of 5%) between how the
three groups of engineers answered the questionnaire. As such,
the following sections use data for all engineering fields in
investigating relationships between subgroups, except in cases
where performance-based design is also a variable.

Use of Performance-Based Design

Performance-based design (PBD) is an integral part of SSI
analyses, particularly through the implementation of
displacement or deformation limit states [28]. As shown shown
in Table 1, it was observed that there was a statistically
significant difference between structural and geotechnical
engineers’ frequency of use of PBD. Comparing the group of
97 structural engineers (M = 2.77, SD = 1.66) and 29
geotechnical engineers (M = 3.67, SD = 1.42) demonstrated
significantly lower use of PBD by the structural participants
relative to the geotechnical participants t(124) = 2.6, p = .009.
These differences are visualised in Figure 5.

In a qualitative sense, the calculated averages spanned between
“sometimes” and “about half the time” for geotechnical
engineers. For structural engineers in comparison, the
calculated averages ranged between “rarely” and “sometimes”.

Table 1: Summary of descriptive statistics for five key questionnaire items.

Question (Likert scale number of points)

Structural
(99 participants)

Civil
(12 participants)

Geotechnical
(30 participants)

M SD N M SD N M SD N

How often do you use performance-based design? (7) 277 166 97 3.67 142 29 350 173 11
i i i i in?

I(-|7c)1w often is SSI considered for projects you are involved in* 333 166 70 388 171 16 410 207 5
How familiar are you at implementing SSI analyses? (5) 232 0.65 51 275 0.89 8 190 114 5
How well do you think that SSI analyses represent real-world 246 067 50 263 064 8 300 129 4
performance? (5)
If simple SSI modelling tools were available, how likely are 568 116 51 525 089 8 475 227 4

you to apply them in future projects? (7)
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Figure 5: Comparison between structural and geotechnical engineers in frequency of use of PBD (bracketed numbers represent
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Figure 7: Relationship between the prevalence in use of performance-based design and years of experience for geotechnical
engineers (bracketed numbers represent individual questionnaire answers).

A statistically significant, weak positive association was seen
for structural engineers between the prevalence in use of PBD
and company size, r. =.176, p < 0.026 (Figure 6). Here r- is the
Kendall rank correlation coefficient, adjusting for ties (Tau-b)
and p is the level of statistical significance (set to < 5% for this
study). The company sizes were distributed into three size
categories: small (0 to 19 employees), medium (20 to 49
employees), and large (50 or more employees). These
definitions were based on the Ministry of Business, Innovation
and Employment guidelines [29]. There was no measurable
increase in use of PBD with years of experience for structural
engineers.

A statistically significant, strong positive association was
observed for Geotechnical Engineers between the prevalence in
PBD and years of experience, r. = .302, p < 0.043 (Figure 7).
There was a notable drop in use of PBD for geotechnical
engineers with over 30 years of experience, suggesting it is not
used as consistently across that category. Perhaps this is partly
due to the timing of when the concept of PBD was formalised
in the early 1990s [30]. When compared to structural engineers,
there was no observed increase in use of PBD with company
size for geotechnical engineers.
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Figure 8: Relationship between the level of SSI consideration in projects and company size

(bracketed numbers represent indivi

Effects of Company Size on the Frequency of SSI
Consideration

A very statistically significant, strong positive association
between consideration of SSI in projects and company size was
observed, r: =.336, p <0.001 (Figure 8). This data suggests that
SSI is considered more often in larger companies; in a
qualitative sense, companies with less than 20 employees only
consider SSI analyses “sometimes”, while this increases to
“reasonably often” for companies with many hundreds of
employees. This perhaps reflects the types and scale of projects
carried out in large companies.

In small companies, technical expertise or resourcing
constraints may contribute to SSI being considered less. This
could result in a negative feedback loop for small companies,
whereby SSI is not considered due to the types of projects and
therefore expertise is not needed or acquired, and vice versa for
large companies.

The qualitative data analysis highlighted that financial
constraints featured heavily for engineers in large companies;
46% of those participants mentioned at least one cost-related
category as a key obstacles to implementing SSI analyses more
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Figure 9: Relationship between the level of SSI consideration in
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(2) 22%

dual questionnaire answers).

often. Similar constraints were reported in small- and medium-
sized companies, however to a lesser extent at 23% and 27%
mentions, respectively.

Effects of Familiarity on the Frequency of SSI Consideration

A very significant, strong positive association between
consideration of SSI in projects and familiarity at implementing
SSl analyses was observed, r. = .317, p <0.003 (Figure 9). This
is perhaps the most intuitive association observed in the dataset.
In other words, an engineer already accustomed to carrying out
SSI modelling is more likely to consider implementing SSI
analyses in projects they are involved in. This was also reflected
in the focus group conversations that "[in] buildings it's
considered not very often. It's only really considered if the
person leading the design is proactive sorting it out."
Furthermore, several focus group participants noted that “most
senior engineers would know it and understand it, but
potentially wouldn’t have the experience actually applying it."
Similar comments regarding graduate engineers suggested that
“voung engineers [have] an appreciation for how it is
important, but not necessarily how to implement it.”

16% 5

6% 21%
(1)
11%

Reasonably Often

= Most of the time = Always

projects and the familiarity in implementing SSI analyses
dual questionnaire answers).



Insights into the Use of Simplified SSI Tools and SSI
Modelling Accuracy

Other notable questionnaire results were the likelihood to use
simple modelling tools (M = 6.06, SD = 1.21), and how well
modelling tools were perceived to reflect real-world
performance (M = 3.02, SD = 0.713), shown in Figures 10 and
11 respectively. This data suggests that participants are highly
likely to adopt simplified SSI tools, where available, and the
general perception is that SSI analyses reflect real-world
performance “moderately well”. These findings are consistent
with focus group comments suggesting that engineers would be
“very likely” 10 use “simple guidelines [that] allow you to
improve what you 're doing, without being unsafe”.
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Figure 10: Likelihood to use simple SSI modelling tools
among survey participants.
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SSI Modelling Preferences

In the third part of the questionnaire, two questions are used to
gain an insight into a participant’s typical approach to SSI
modelling. The first question, “With reference to the following
modelling strategies, how often would you use each option?”,
requests a general self-assessment on how often a participant
would use a theoretical analysis method, ranging from fixed
base to the use of nonlinear springs as part of a dynamic
analysis. The second question requests a participant to self-
assess how often they would use a specific model presented,
relating to a hypothetical building with a basement (Figure 12).
This exercise was reproduced from the NEHRP study on the
use of SSI in US engineering practice [14]. Although a logical
increase in analysis complexity exists for both questions, the
choices were randomised through the survey software in order
to minimise the effect of question order on responses [31].

The general approach to the data analysis involving the two SSI
modelling questions was to first investigate general trends by
engineering field, company size, and years of experience.
Following that, specific sub-trends were explored in
conjunction with the qualitative data gathered from the long-
format questionnaire questions and the focus groups.

A series of multiple linear regressions were carried out on the
questionnaire data from both modelling questions. It should be
noted that the results for bridge engineers are excluded from the
following analyses and will be discussed separately due to
differences in use of models when compared to non-bridge
engineers. The modelling axis was represented by a set of
dummy variables named analysis complexity (AC) or model
complexity (MC), depending on the respective question. The
numerical value corresponds directly to the represented analysis
or model, as shown in Tables 2 and 3. Pushover analyses with
linear and nonlinear springs were combined into AC2 despite
having individual questions, after it became apparent that linear
springs were rarely used in comparison to nonlinear springs.

(B1) ®2)
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Figure 12: Example modelling options for a hypothetical multi-storey building with a basement, reproduced from the NEHRP
study on the use of SSI in US engineering practice [14].
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Table 2: Analysis complexity definitions (see Figure 13).

Analysis .

Complexity Analysis Method

AC1 Fixed base

AC2 Pushover analysis with either linear or nonlinear springs

AC3 Dynamic analysis with linear springs and damping

AC4 Dynamic analysis with nonlinear springs and damping

AC5 Nonlinear springs and damping linked to a free-field column, with inputs from a site response analysis

Table 3: Modelling complexity definitions (see Figure 14).

Model .

Complexity Modelling Approach

MC1 Model A. Fixed base, structure only. Basement and foundation considered separately

MC2 Model B1. Basement is explicitly modelled, with retained soil ignored. Fixed base.

MC3 Model B2. Basement is explicitly modelled, with retained soil ignored. Vertical springs used under the foundation.

MC4 Model C1. Horizontal springs with fixed ends, ground motion input at the base of the model. Fixed vertically.

MC5 Model C2. Horizontal springs with fixed ends, ground motion input at the base of the model. Vertical springs used
under the foundation.

MC6 Model D. Horizontal and vertical springs attached to rigid walls and base (i.e., “bathtub model’). Ground motion
is applied to the bathtub.

MC7 Model E. Full substructure model with horizontal and vertical springs, dashpots, foundation rotation, and multi-

support excitation.

A negative relationship between analysis methods and
modelling approach with respect to model complexity was
found in both cases. These are shown in Figures 13 and 14
through a series of box and whisker plots and violin plots. The
latter aids the visualisation of the distribution shape of the data
by showing the kernel density estimation of each variable. For
example, wider sections of the violin plot represent a higher
density of data.

Always -
w Most of the Time —mebe_re -
=
=  Reasonably Often r . .
o S
2 About Half the Time
=
= .
= Sometmes - SR —
g
= Rarely . fou-m -
Newver : S—aa. =
Always
o Most of the Time
=
g Reasonably Ofien - -
2 .
2 About Half the Time ST
: |
= Sometimes - - I
]
-
= Rarely - . |
Newver [~

ACI AC2

Fixed base (AC1) and dynamic analysis with linear springs and
damping (MC3) were reported as the most utilised analysis
methods, with scores typically ranging from “sometimes” to
“most of the time” for ACI, and “rarely” to “about half the
time” for AC3. The analysis methods AC2, AC4, and AC5 were
used on average “rarely” or “never”.
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Figure 13: Analysis methods (see Table 2) used in NZ structural and geotechnical engineering companies (a) box plot; and
(b) violin plot.
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Figure 14: Modelling approaches (see Table 3) used in NZ structural and geotechnical engineering companies (a) box plot; and
(b) violin plot.

Relating to the hypothetical basement building, the results
showed a similar preference for models MC1 (fixed base) and
MCS5 (horizontal springs with fixed ends and vertical springs
under the foundation), as shown in Figure 14. MC2, MC3, and
MC4 were reported similarly in terms of frequency of use,
typically used “rarely”. From the SSI modelling approach,
models MC6 and MC7 were either “never” or “rarely” used. It
was considered to combine the previous groups due to their
response similarities, however the data for each model is shown
for completeness.

These results reflect the qualitative data analysis well, where it
was found that “Soil / Spring Stiffness” was the most-
considered aspect in SSI modelling. The focus group discussion
also reinforced the view that for “most new designs, people
generally avoid it [in reference to soil spring models], you do
fixed base at the best”, or when more complex analysis methods
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are chosen, “using regular springs or something like that, is
probably used at least 90% of the time.”

Effects of Experience on the Use of SSI Modelling

Some interesting observations were made when analysing each
model with consideration for the participants’ years of
experience. Applying this approach to most of the model
complexity cases did not reveal any particular trends. However,
MCS5 saw higher use among engineers with 5 — 19 years of
experience (as comprised by the categories with 5-9, 10-14, and
15-19 years of experience), and relatively infrequent use
outside that range, as shown in Figure 15. This spike
contributed to the higher average use of MC5 seen in Figure 13.
These findings are consistent with focus group comments
suggesting that “most senior engineers would know it and
understand it, but potentially wouldn’t have the experience
actually applying it.”
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Figure 15: Variation in use of MC5 by years of experience (a) box plot and (b) violin plot.
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Effects of Company Size on the Use of SSI Modelling

Dummy variables were created to represent three size
categories: small (0 to 19 employees), medium (20 to 49
employees), and large (50 or more employees), based on the
Ministry of Business, Innovation and Employment guidelines
[29]. Within each company size category, linear regression
analyses were calculated to compare the predictions of
participants’ frequency of use based on a particular model.

When looking at the effect of company size on the use of
analysis methods, all cases showed a significant negative linear
regression, with the effect being more prominent for small and
medium-sized companies. For small companies, a significant
regression was found F(1, 93) = 25.123, p < 0.001, with an R?
of 0.213. F denotes the ratio of mean square values, with 1
regression and 93 residual degrees of freedom respectively; the
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test has a statistical significance of 0.1%, with R? denoting a
regression model fit of 21.3%, the latter being included for
completeness as many social sciences studies exhibit low R?
values [32]. Participants’ frequency of use reduced by -0.574
points on the Likert scale for each increase in model complexity
(Figure 16). For medium companies, a significant regression
was found F(1, 82) = 14.647, p < 0.001, with an R? of 0.152.
Participants’ frequency of use reduced by -0.513 points on the
Likert scale for each increase in model complexity (Figure 17).
In a qualitative sense, for every two step increases in model
complexity there was approximately a single reduction in
likelihood as measured on the Likert scale. In other words, for
small and medium-sized companies, if AC1 is reported as being
used “reasonably often”, AC5 would be used approximately
“rarely”.
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Figure 16: Analysis methods used in small sized companies (< 20 employees), (a) box plot and (b) violin plot.
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Figure 17: Analysis methods used in medium sized companies (20 — 49 employees), (a) box plot and (b) violin plot.
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Figure 18: Analysis methods used in large sized companies (> 50 employees), (a) box plot and (b) violin plot.
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Figure 19: Variation in the use of fixed base analyses (AC1) by company size (a) box plot and (b) violin plot.

For large companies, a significant regression was found F(1,
165) = 12.353, p < 0.001, with an R? of 0.070. Despite the poor
regression model fit suggested by the R? value, a negative trend
is observed with increasing model complexity. Participants’
frequency of use reduced by -0.324 points on the Likert scale
for each increase in model complexity (Figure 18). The
regression coefficient was comparatively lower for large
companies; however, it was also observed that the use of fixed
base analysis reduced with increasing company size (Figure
19). While this type of analysis is used, on average, “relatively
often” in small- and medium-sized companies, it falls
approximately two scales to “sometimes” in large companies.
This trend was observed in both SSI analysis and modelling
questions. There was no reciprocal increase in the relative
frequency of higher complexity models, so while present, the
reasons for the decrease in usage of fixed base analyses in large
companies are not fully understood. Furthermore, no consistent
trends emerged for the two SSI modelling questions with
respect to the use of PBD, aside from reinforcing the already-
established trend that the use of PBD is higher in larger
companies.

SSI Modelling Preferences for Bridge Engineers

In total, there were 16 participants who were readily identified
as bridge engineers from their qualitative answers. As
previously mentioned, the analyses and discussions presented
thus far excluded bridge engineers, as it was evident that their
use of models AC2 (pushover analyses with linear and
nonlinear springs) and AC4 (dynamic analyses with nonlinear
springs) were significantly higher (Figure 20) when compared
to non-bridge engineers. On the other hand, bridge engineers’
frequency of using fixed base analyses (AC1) was significantly
lower. This is likely directly related to the use of the Bridge
Manual, whereby in Section 5 displacement-based and dynamic
analysis are explicitly preferred over force-based analyses [33].

This could be considered pivotal information from an industry
standpoint, as it is apparent from the data that bridge engineers
routinely make use of more complex models when provided
with the guidance to enable such analyses. The use of SSI for
buildings can be thought of in a similar light, and indeed all
focus group participants collectively agreed that “training is
probably one of the biggest barriers, and having a logical and
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Figure 20: Analysis methods used by bridge engineering participants (a) box plot and (b) violin plot.

rational reference guide to how you might implement different
strategies." It is relevant to recall Figure 10, where it was
observed that if simple modelling tools were available to the
engineering profession, participants reported as “very likely” to
use them. This demonstrates that with clear and effective
guidance, it is possible to influence the status quo in SSI
analysis usage in New Zealand.

Qualitative Data
Overview and Definition

The questionnaire included several open-ended questions
requesting a longer text answer from the participants. The
observations from these questions and the focus group sessions
support the quantitative data analyses in Section 3.1 by
providing further insight or context into the observed trends.

The focus group participants individually had between 10-20
years of experience in the industry. Their roles ranged from
Team Leaders, Principals, and Technical Managers in structural
or geotechnical engineering fields. The conversations covered
a wide range of topics, with some of the common themes
including lack of consistency in the industry, shortage of skills
/ training, and an absence of a formal SSI analysis framework
for when it should / should not be considered in a New Zealand
context.

Obstacles to Using SSI

When asked “What are some obstacles to using SSI analyses
more often?”, three of the top four categories, encompassing
“Data Quality / Availability”, “Budget Constraints”, and
“Time Constraints”, are related to costs (Figure 21). Engineers
in large companies were disproportionately affected in this
regard, as 46% of those participants mentioned at least one of
the above categories. This is compared to 23% and 27%
mentions among participants in small and medium companies,
respectively. Multiple cost-related challenges were also more
common in participants from large companies than in small or
medium companies.

The categories “Lack of Guidance”, “Analysis Complexity”,
and “Lack of Skill / Knowledge” were analysed in a similar

fashion, by representing a lack of expertise in carrying out SSI
analyses. There were similarities between small, medium, and
large companies, with a narrow range of 27-29% mentions
among all company sizes. This suggests that there is a
consistent lack of expertise in carrying out SSI analyses,
irrespective of company size.

Figure 21: Obstacles to using SSI analyses among all survey
participants.
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Consideration of SSI on Projects and in Modelling

When asked “What types of projects typically demand SSI
consideration? ”, awide range of structural forms and situations
were mentioned, as shown in Figure 22. The general perception
among the survey participants was that there was a need for the
project to reach a certain level of complexity before SSI would
be considered.
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Figure 22: Reported project types that

“Soil / Spring Stiffness” and “Settlement / Displacement” made
up almost half of the total responses to the question “Which
aspects of SSI do you typically consider?”, as shown in Figure
23. The “Other” category was varied; however, some of the top
mentions within related to foundation flexibility, rocking, and
soil shrink / swell. The qualitative questionnaire data suggests
that structural engineers predominantly carry out SSI analyses,
supported by data provided by geotechnical engineers. In such
cases, it would be recommended for a structural engineer to
establish performance-based criteria in close collaboration with
a geotechnical engineer.

Other
Liquefiable Soils
Shallow Foundations
Deep Foundations
IL3or4
On- / Off-Shore

Underground Structures

would require SSI consideration.

In the focus groups, participants agreed that “a training area
that is really needed is the general method and approach to a
performance design”, and that while “we do some of that with
seismic design of structures, it does need to apply to every
single part of the structure, including the foundations and its
relationship with the soil.” Recalling that approximately 28%
of participants named a lack of expertise in carrying out SSI
analyses as one of the key obstacles in implementing such
analyses, it follows that training and formalised guidance would
be beneficial in a higher uptake of SSI in engineering practice.
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Figure 23: Aspects of SSI considered by the survey participants.
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Figure 24: Codes and/or guidelines followed by survey participants.

Use of Codes and Guidelines

There was a notable lack of consistency among survey
participants as to which guidelines were typically utilised for
SSI analyses. When asked “What codes and/or guidelines do
you follow?”, the top categories were “Other” and “AS / NZ
Standards” (Figure 24). The AS/NZS1170 series featured
heavily within the latter category. The top two categories, when
combined, accounted for approximately half of the total
mentions. The AS/NZS1070 series do not offer any SSI
guidance [34], and the “Other” category typically featured one-
off supplementary research papers and guidelines which did not
otherwise fall into any of the more populous groupings, in
addition to reported use of “first principles”. Not all
participants cited specific manuals, however among these the
following were indicated: ASCE 41-17, NIST GCR 12-917-21,
ASCE 61-14, NZTA Bridge Manual and Research Report 553.

This current state of practice in the SSI space is likely due to a
lack of New Zealand-specific resources or guidelines. There
was general agreement in the focus groups that “the framework
we have is very limited” and that “there should be at least some
guideline, how to set up [a] model, what are the minimum test
you need to carry out before you start a project”. These
comments were also tempered by the sense that any “standard
should not be so prescriptive - how to do it, but not what to do"
and certainly not a “cookbook”, a fond reference used by New
Zealand engineers to describe National Standards

Use of Software and Testing Methods

Similarly to the large number of software solutions, there was a
wide variety of software reported for the question “What
programs do you utilise to carry out or inform SSI analyses?”,
as shown in Figure 25. “ETABS” and “SAP2000” proved to be
particularly popular, as well as Strand7, Robot Structural
Analysis and in-house programs / spreadsheets which featured
heavily within the “Other” category. Similarly, focus group
participants reported that “many structural engineers will
choose to do ETABS.” For geotechnical engineers particularly,
PLAXIS [35], LPile [36], and WALLAP [37] proved to be the
most popular.

It was evident from the qualitative data and focus group
discussions that either structural engineers are in control of the
entire model when SSI is implemented, or a separate
geotechnical model is analysed in parallel with a structural
model. In one such scenario describing the latter, the project
geotechnical engineer would “run their full analysis model in
PLAXIS or FLAC and give us the lateral spreading
displacement without considering the structural effect there.
For our model, it is [a] purely structural model, and there is no
component of soil.” When asked for a typical design scenario
which incorporated SSI, a participant in one of the largest
engineering firm in New Zealand reported that “/geotechnical
engineers] gave us all the ground displacements and P-Y
springs, which we applied in our structure. And that is how far
we went. We didn't consider in our analysis, no additional
damping effect and they didn't consider also the effect of [the]
pile preventing that kind of high displacement. Yeah, that is
more on the less the standard so far.” From the quantitative
data, current SSI analyses were only thought to reflect real-
world performance “moderately well”.
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Figure 25: Computer programs used to carry out or inform
SSI analyses.

Related to the modelling software used are the inputs required
to produce a quality model. When asked “What testing methods
do you predominantly use to identify key parameters for use in
SSI analyses?”, 55% of the structural engineers answering this



question reported that they would defer the choice to a
geotechnical engineer, as shown in Figure 26. CPTs were the
most popular ground test according to both the qualitative data
analysis and the Focus Groups, however “for something
smaller [projects], then just Scala penetrometers and hand
augers” are reportedly used. A potential area for concern in
these responses relate to the type of information provided by
geotechnical engineers. It was apparent from the qualitative and
focus group data that structural engineers typically carry out
and are responsible for the building model which incorporates
SSI. However, there was significant evidence that the
parameters provided for vertical springs related to the subgrade
reaction moduli. These are used for the determination of the
static stiffness, rather than dynamic stiffness, which may under-
or over-predict the dynamic response of a structure depending
on the correlations used [38].
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Figure 26: Testing methods reported to identify key
parameters for use in SSI analyses.

Within the group discussions, there was a perception that “we
don't test enough in New Zealand overall, that a lot is left to
interpretation” and that clients “often don’t see the value of any
investigation and ... they think we can do miracles”. It is
evident that there is often insufficient data from testing for
engineers to then proceed with modelling, particularly the type
of information that would be required to inform an SSI analysis.
“Data Quality / Availability” was the highest-mentioned
category for obstacles in implementing SSI analyses, therefore
if such analyses are to be carried out this would need to be
identified and budgeted for prior to the preliminary design
stage.

Industry Communication Challenges

Finally, the effectiveness of communication between
engineering fields was queried. Participants were asked “In
projects involving a mix of disciplines, can you describe the
level of communication and interaction between the different
fields?”. As shown in Figure 27, “Collaborative” and
“Comprehensive” were considered as positive forms of
communication and interaction categories and combined
accounted for half of the total responses. The other half was
comprised of the neutral and negative groupings “Siloed”,
“Mixed”, “Minimal” and “Negative”. Overall, communication
effectiveness was split evenly between positive and negative
categories. These trends call into question the quality of the
communication between structural and geotechnical engineers,
perhaps due to a “lack of people with broad knowledge, who
have a good understanding of both”, which is also reflected in
the large number of “Siloed” mentions.
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Figure 27: Communication and interaction tendencies
between different engineering fields.

CONCLUSIONS AND RECOMMENDATIONS

An industry questionnaire using a mixed methods, sequential
explanatory research design was carried out to investigate the
current state of practice in SSI modelling within the New
Zealand engineering profession. The quantitative and
qualitative data gathered showed several statistically significant
relationships for SSI modelling approaches between different
engineering fields, company sizes, and years of experience.
These trends were further reinforced when incorporating the
focus group data.

Overall, the key observations from this study include:

1. There is no consensus on the best SSI analysis methods,
modelling strategies, or guidelines to be used. Overall, fixed
base analysis remains the most popular method across all
company sizes and years of industry experience. The use
fixed base models was found to be significantly lower with
increasing company size, however remained the overall
most popular analysis method.

2. Engineers from large companies reported higher
consideration for SSI modelling and use of PBD for design
projects. This perhaps reflects larger or more complex types
of projects carried out in those companies. In small
companies, technical expertise or resourcing constraints
may contribute to SSI and PBD being considered less.

3. When SSI is considered, analyses are typically limited to
nonlinear vertical springs under the foundation as part of a
dynamic analysis.

4. The quality of communication and interaction between
structural and geotechnical engineers is questionable. A
lack of training was noted in both the qualitative data set
and focus group discussions. This encompassed both SSI-
specific guidance on when it should be considered, and
broader training to ensure that structural and geotechnical
engineers fundamentally understand the requirements and
input/output needs of each role.

5. Use of SSI for buildings is typically limited to seismic
assessments and complex or otherwise high importance
structures.

6. Bridge engineers routinely used pushover analyses with
linear and nonlinear springs (AC2) and dynamic analyses
with nonlinear springs (AC4), in contrast with the rest of
the industry. This is likely directly related to the use of the
Bridge Manual, as displacement-based and dynamic
analysis are preferred over force-based analyses [33].
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Comparing the above findings to the NEHRP study [14], points
1 — 4 were also reported. While interesting, it also highlights
that the use of SSI in New Zealand engineering practice is at a
level equivalent to that in the US at least a decade ago, noting
that the authors do not have any comparative data on US
progress in SSI usage or implementation. As measured in the
case of bridge engineers, a significant uptake in the state of
practice in SSI can be achieved through clear and effective
industry guidelines.

Given the key observations, it is anticipated that the results of
this study can be used to raise the bar and encourage use of more
appropriate SSI models in practice. The results may also be
used to inform regulatory bodies such as the MBIE to guide
future updates of the assessment guidelines.
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