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Abstract 

When performing non-linear dynamic analyses of geotechnical boundary value problems, the accurate prediction 

of the seismic response of the structure interacting with the soil is strictly related to the appropriate definition of 

the geotechnical model and the suitable selection of the input ground motions, which should be opportunely 

scaled to be representative of the site seismicity. 

The present work is focused on the second aspect, investigating the influence of different input motion scaling 

and matching techniques on the dynamic performance of a diaphragm wall supporting a deep excavation in 

Boston Blue Clay (Boston, USA). A series of non-linear finite element analyses are performed adopting an 

advanced kinematic hardening soil constitutive model for the BBC deposit. The seismic input motions are 

linearly scaled according to different methods (PGA, Sa(T1), ASCE and MSE scaling) or modified in their 

spectral shape to match a target spectrum (i.e. spectral matching). The numerical results, illustrated for each 

scaling/matching technique in terms of spectral response at ground surface and maximum horizontal 

displacement of the wall, allow to identify the best scaling/matching strategy for the investigated problem from a 

statistical point of view. 

1. Introduction 

The non-linear analysis of dynamic geotechnical problems requires the adequate definition of the 

numerical model and the appropriate selection of the input ground motions, according to the seismic 

hazard of the investigated site. To improve the accuracy of the numerical predictions, different input 

motion scaling methods have been proposed to minimise the bias and reduce the number of 

simulations needed to obtain statistically stable and robust results: the input motion can be linearly 

scaled by using a suitable Scale Factor (SF) without altering the shape of the response spectrum or 

modified in its spectral shape by adding wavelets to match the target spectrum. Whereas the adoption 

of such scaling/matching techniques is common in the structural engineering literature [e.g. 1-5], their 

application to geotechnical earthquake engineering problems is still limited [e.g. 6-7]. 

The paper investigates the effect of five scaling/matching strategies (i.e. PGA, Sa(T1), MSE, ASCE 

scaling and spectral matching) on the dynamic performance of a diaphragm wall supporting a deep 

excavation in Boston, USA. The soil behaviour is described by an advanced constitutive model for 

natural clays developed in the framework of kinematic hardening plasticity by Rouainia and Muir 

Wood [8], enhanced to account for the variation fo the shear stiffness modulus with mean effective 

stress and overconsolitation ratio [9]. The results are interpreted, for each scaling/matching technique, 

in terms of spectral response at ground surface and maximum horizontal displacement of the wall. 
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2. Numerical model of the deep excavation 

The dynamic performance of the excavation and supporting diaphragm wall has been investigated 

through 2D non-linear FE analyses performed with PLAXIS 2D [10]. The problem refers to the case 

study of a 14.6m deep, 100m wide basement excavation for the Allston Science Complex located in 

Boston, Massachusetts [11]. The local geological profile is characterised by a 2m thick layer of made 

ground (L1), overlaying a 4m stratum of fluvial sand (L2), followed by a 26m deep Boston Blue Clay 

(BBC) layer (L3) and 8m of glacial till (L4), resting on Cambridge argillite bedrock. A detailed 

description of the geotechnical characterization of the site and retaining system is reported in Rouainia 

et al. [12]. The 2D numerical model is 40m deep and 420m wide, in order to avoid any interference of 

the vertical boundaries with the results. The excavation is retained by a 21m diaphragm wall, modelled 

with linear elastic plate elements, with four rows of tieback anchors. The interaction between the 

retaining structure and the soil layers has been modelled by means of interface elements, assuming a 

soil-wall friction equal to 2/3 of the friction angle of the surrounding soil layers. The plane strain FE 

mesh consists of 7439 elements and 60669 nodes. For the sake of convenience, only half of the model 

is reported in Fig. 1. Particular attention has been paid to the size of the finite element, which are 

smaller than one-eighth of the wavelength associated with the maximum frequency of the signals to 

prevent from filtering the high frequencies of the input motions. The static stages of the excavation 

and the installation of the tieback anchors, described in detail by [12], as well as the dynamic analyses 

have been performed under undrained conditions. The earthquake is supposed to occur after the final 

excavation phase. The static boundary conditions are represented by total fixities at the bottom of the 

mesh and lateral sides free to move only in the vertical direction. During the dynamic stage, tied-nodes 

lateral boundary conditions have been adopted. 

 

 

Fig 1. Geometry of the FE model implemented in PLAXIS 

The made ground, fluvial sand and glacial till strata have been modelled with the elastic-perfectly 

plastic Mohr-Coulomb (MC) model, while the BBC behaviour has been described with the RMW 

model proposed by Rouainia and Wood [8] and recently validated under cyclic and dynamic loading 

conditions by [9, 13]. The elastic response of the RMW model is governed by the formulation 

proposed by Viggiani and Atkinson [14]. The calibration of the advanced constitutive model is 

presented by [12] and a summary of the RMW parameters is reported in Table 1. In this work, the 

BBC layer has been assumed to be overconsolidated, with an OCR equal to 1.75 constant with depth. 

Table 1. RMW parameters for the BBC soil 

M λ* κ* R B ψ η0 r0 A* k ν 

1.11 0.028 0.004 0.08 2 1.35 0 1.5 0.5 1.0 0.25 

 

The mechanical properties for the MC layers under static conditions are reported in Table 2. For the 

dynamic analyses, the compatible shear stiffness (G) and damping ratio (D) of these layers have been 

calibrated through preliminary equivalent linear simulations performed with EERA [15], adopting the 
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normalised shear modulus and damping curves and the initial stiffness profile (G0) shown in Fig. 2. 

 

 

Fig 2. Soil stratigraphy, initial stiffness profile, normalised shear modulus and damping ratio curves adopted for 

the calibration of the dynamic properties of the MC layers 

The resulting values of G and D adopted in the dynamic simulations with PLAXIS are summarised in 

Table 2, together with the Rayleigh damping parameters R and R used to introduce viscous damping 

in the FE analyses. For the BBC layer, only 1% of viscous damping has been added to provide 

dissipation at small strain levels. 

Table 2. Mechanical properties of different soil layers for static and dynamic simulations 

      STATIC DYNAMIC 

Layers Depth 

(m) 

γ 

(kN/m3) 

φ' 

(°) 

K0 E' 

(MPa) 

Ν G0 

(MPa) 

G 

(MPa) 

D 

(%) 

αR βR 

L1 0-2 19 30 0.50 29 0.2 12.08 7.99 6.66 0.655772 0.001954 

L2 2-6 19 35 0.43 75 0.2 31.25 18.21 7.96 0.783869 0.002336 

L3 6-32 19 28 0.53 - - - - 1.00 0.098446 0.000293 

L4 32-40 21.5 37 0.40 100 0.2 41.67 21.14 10.04 0.988738 0.002946 

3. Ground motion scaling/matching methods 

Following the recommendation of the 2015 NEHRP Provisions [16], non-linear FE dynamic analyses 

of the excavation have been performed using seven ground motions selected from the PEER database 

[17]. The seismic hazard analysis of the Boston site predicts a PGA at bedrock equal to 0.058g (i.e. 

low seismicity site). The selection of the input motions has been based on the best fitting of the target 

response spectrum proposed by [16]. The resulting bedrock motions are summarised in Table 3. 

With the aim of being representative of the seismic demand of the site, each input motion can be 

modified through linear scaling procedures, consisting in scaling the accelerogram without altering its 

spectral shape, or spectral matching, requiring the addition of wavelets in the time domain to match 

the target spectrum. In this work, five scaling/matching methods have been adopted to modify the 

input motions, specifically the PGA, Sa(T1), ASCE and MSE scaling techniques and the spectral 

matching method. The PGA scaling technique consists in multiplying the acceleration time history by 

a scale factor (SF) determined such that the PGA of the scaled motion is equal to the target PGA. The 

Sa(T1) scaling method is based on the fundamental period of the system. The SF is evaluated in such a 

way that the spectral acceleration of each record at the fundamental period T1 is the same as the one of 

the target spectrum at the same period. Thus, the determination of the fundamental period of the 

system plays a major role in this technique. In the investigated case study, T1 has been assumed equal 
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to the fundamental period of the free-field soil deposit (i.e. T1 = 0.88s), evaluated as a function of its 

thickness and average shear wave velocity. According to the ASCE provisions [18], the ground 

motions should be scaled such that the average response spectrum of the scaled records is not smaller 

than the target response spectrum over the range of periods between 0.2T1 and 1.5T1. Finally, the MSE 

scaling technique consists in scaling the accelerograms in a way that the mean square error between 

the target spectrum and the average response spectrum is minimum in the period range of 0.1-2s. The 

adopted scale factors for each scaling method are summarised in Table 3. 

Table 3. List of selected motions and corresponding scale factors adopted for each scaling techniques 

Earthquake Name RSN Date Magnitude Duration (s) MSE PGA Sa(T1) ASCE 

Coyote Lake 146 06/08/1979 5.74 26.85 0.862 0.7972 0.7639 0.7 

Morgan Hill 455 24/04/1984 6.19 29.99 0.9824 1.0725 1.0744 1.2 

Whittier Narrows-01 680 01/10/1987 5.99 39.99 0.5744 0.6709 0.4674 0.55 

Loma Prieta 774 18/10/1989 6.93 39.43 0.9619 1.5366 0.7583 1.5 

Chi-Chi 1347 20/09/1999 7.62 78.996 0.6554 0.7944 0.9345 0.9 

Duzce 1613 12/11/1999 7.14 43.98 1.4225 2.933 1.0513 1.8 

Hector Mine 1763 16/10/1999 7.13 43.995 1.2264 2.1161 0.8861 1.5 

 

The spectral matching (SM) of the input motions to the target spectrum has been achieved using the 

computer program SeismoMatch [19], which allows to modify the recorded time histories by adding 

or subtracting wavelets to obtain a response spectrum close to the target in a predefined period range, 

assumed in this case equal to 0.02-2s. The average response spectra obtained by each scaling/matching 

technique are compared to the target response spectrum for the Boston site in Fig. 3. After being scaled 

or spectrally matched, the input motions have been baseline corrected and filtered with a low-pass 

Butterworth filter with cut-off frequencies higher than 20Hz. 

 

 

Fig 3. Response spectra of the input motions obtained with the different scaling/matching methods 

4. Results and discussion 

Fig. 4 shows the maximum horizontal displacement along the diaphragm wall obtained from the seven 

records scaled/matched according to the five different scaling/matching techniques. For each 
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technique, the mean value of the horizontal displacement has been estimated, while the standard 

deviation (σ) represents a measure of dispersion about the mean. The average horizontal displacement 

computed for each strategy ranges between 2 and 5cm. The Sa(T1) scaling and spectral matching (SM) 

methods provide the best performance in terms of variability of the results around the mean, while the 

most commonly adopted scaling techniques (i.e. PGA and ASCE scaling) do not return good statistical 

results. The MSE scaling method is characterised by an average displacement close to that obtained 

with the Sa(T1) and SM techniques, but provides a higher dispersion of the results. 

 

 

Fig 4. Maximum horizontal displacement of the wall obtained with the different scaling/matching techniques 

Being Boston a low-seismicity site, the average strain level induced by the earthquakes is similar for 

all the dynamic simulations and is smaller than 0.05%, corresponding to a reduction of the initial shear 

stiffness less than 20% of its maximum value. This indicates that the behaviour of the soil-retaining 

wall lays is almost elastic and, thus, its dynamic response is mainly governed by the fundamental 

period of the system, slightly higher than the elastic one evaluated a priori for the input motion scaling 

(i.e. T1). As a consequence, the wave propagation process is dominated by the magnitude that the 

spectral acceleration of the input motion attains around the first natural period of the system. This, in 

turn, explains why the smaller variability of the output has been obtained by applying the Sa(T1) and 

SM techniques. To prove this idea, the results obtained for one of the seven input motions, i.e. the 

RSN774 event, are plotted in Fig. 5 in terms of spectral accelerations at bedrock and ground surface 

with reference to a point close to the retaining structure. 

 

Fig 5. Response spectra of the input and ground surface motions of the RSN774 event scaled according to 

different strategies 

It can be noted how, scaling the earthquake with the various techniques, the spectral accelerations at 

bedrock attain very different values around the fundamental period of the system (Fig. 5a), higher for 

PGA and ASCE scaling and decreasing for MSE, Sa(T1) and SM, consistently with the pattern of the 

maximum displacement of the wall shown in Fig. 4. In terms of amplification at ground surface, Fig. 

5b shows that the fundamental period is the same for all the analyses and it is slightly higher than the 

one calculated with the elastic formulation (T1), highlighting how soil non-linearity does not have a 

(a) (b) 
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considerable influence in this particular case study. 

Concluding, the work highlights the importance of the strategy adopted to scale/match the bedrock 

motions in reducing the level of variability of the dynamic response of a typical soil retaining 

structure. The results of the statistical investigation indicate that the Sa(T1) scaling and spectral 

matching methods are characterised by the lowest mean and standard deviation of the results, while 

higher variability is obtained with the MSE, ASCE and PGA scaling techniques. This conclusion can 

be considered relevant for low-seismicity sites and cannot be generalised to all cases, as other 

techniques may reveal to be more suitable when higher seismic intensity levels are considered.  
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