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Abstract 

Current simplified design methods for the seismic analysis of cut-and-cover underground structures are based on the 
quasi-static assessment of the structure shear distortion displacement, and then, evaluation of the internal forces through 
the analysis of a frame subjected to an imposed load pattern. However, two compelling and competing approaches are 
currently found in current building codes for addressing this issue. 

On the one hand, American codes such as NCHRP-611, FHWA Tunnel Design Manual 2009, AASHTO LRFD Road 
Tunnel Design Specifications 2017, and some others inspired by these, advocate for the use of the so-called racking 
coefficient R when assessing the structure shear distortion: a single parameter trying to encompass the whole soil-structure 
interaction phenomena, which amplifies or reduces the free-field soil shear distortion. Once that the structure shear 
distortion is assessed, a triangular lateral pressure distribution is applied directly on the structure walls, such that the 
resulting distortion matches the one evaluated by multiplying the racking coefficient R times the free field distortion. 

On the other hand, European, Japanese, Chilean, and other international codes such as EN 1998-2:2004 and Guide AFPS 
2001, RTRI-2008, JSCE Cut-and-Cover Tunnel Specifications 2016, Manual de Carreteras 2016, and ISO-
23469:2005(R2014), respectively, advocate for a frame analysis jointly with a surrounding Winkler condition, and then 
application of the free-field soil shear distortion to the free ends of the Winkler springs, without any further amplification, 
assuming that the elastic foundation will cater for the soil-structure interaction phenomena. 

However, both methods provide different results, which in turns are inaccurate in terms of structure internal forces as 
bending moment and shear when compared to numerical analyses and experimental measures, especially for the more 
flexible underground structures. 

This paper addresses this unresolved issue, delves into the causes for these inaccuracies, and presents a summary for an 
improved, yet simple, methodology to compute internal forces of rectangular underground structures subjected to 
earthquake action. Moreover, it introduces a framework to reconcile the salient features of the aforementioned methods, 
in a format that could be considered for inclusion in building codes. 

The results obtained by this proposed methodology are compared systematically to the results obtained by finite element 
analyses, by simplified methods proposed by other authors, and by the aforementioned building codes, for a wide range 
of structure geometries, flexibilities, and soil properties, and are proven to have an improved accuracy for prediction of 
internal forces respective to current simplified methods. 
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1. Introduction 

Earthquake action on underground cut-and-cover structures is one more aspect that engineers shall consider 
when facing its design. In current international earthquake-resistant design codes, several distinct simplified 
techniques coexist to analyze the effects that seismic action bears on buried structures. Each of these 
methodologies may provide uneven results, in terms of internal forces like bending moments and shearing 
forces, especially when compared to more sophisticated analysis methods like finite element analyses (FEA). 
This lack of consistency in the analysis criteria across codes results into structures with different safety margins 
against earthquakes, depending on the particular analysis method selected, and especially for the more flexible 
structures presenting large underground spaces, like metro stations. 

In particular, two distinct simplified methods outstand: On the one hand the method developed by Wang 
and Penzien [1, 2] (Wang method onwards) adopted by US codes [3-8] and others inspired by these, and on 
the other hand the method present in European [9-11], Japanese [12, 13], Chilean [14], and ISO [15] codes 
(E&J method onwards). Even though these two methods may look similar at a first glance, they present 
significant differences. 

Both simplified methods assume that the seismic structure internal forces may be obtained by the 
analysis of a simple frame, representing the cut-and-cover structure, subjected to a differential displacement 
between the top and bottom slabs. Both simplified methods begin with the assessment of the maximum free-
field soil shear deformation FF during the earthquake, in the soil portion that will be substituted by the cut-
and-cover structure. That is to say, given that a pure shear soil deformation pattern is assumed during the 
earthquake, the difference in lateral displacement between the buried structure top slab and the invert. Once 
that common step is taken, differences between both methods arise. In the following, we will address a critical 
description of these two methods. 

 On the one hand, the method proposed by Wang, and adopted in US codes, assumes that the structure 
lateral differential displacement is heavily influenced by soil-structure interaction, and that this effect may be 
encompassed by the so-called racking coefficient R. When obtaining the structure shear deformation s, the 
racking coefficient R directly multiplies the free field shear strainFF, as shown in Fig.1a. 

Several authors [1-3, 16-17] have proposed different closed form-expressions for this racking coefficient 
R, or numerical values for a dense grid of cases [18]. Even though each study results in slightly different values, 
they share a common bottom line: the structural displacement depends on the relative shear distortion stiffness 
between the soil substituted by the structure and the structure itself, a parameter usually termed flexibility ratio 
FR [1], and which is routinely assessed through a simple frame computer analysis. The more flexible structures 
deform more than the free-field, and conversely the stiffer structures deform less. 

For deeply buried structures, Wang [1] proposes to apply a concentrated horizontal force at the top slab 
level such that the structure distortion STRU matches the free-field shear distortion FF amplified times the 
racking coefficient R value (STRU=RꞏFF) (Fig. 1a), and for the shallower structures to apply a triangularly 
distributed wall pressure to match that same displacement value. 

 

Fig. 1 – Sketch of current simplified methods. a) Wang method. b) European-Japanese (E&J) method [13]. 
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Fig. 2 – (a) Racking coefficient R for =1, =0.3 as proposed by Wang [1], Penzien [2], Anderson et al. [3], 
Gordo-Monso et al. [17]. (b) Flexibility ratio FR concept as defined by Wang [1]. 

However, several studies [19-23] have found that the internal forces predicted by the described 
procedure show significant differences to those obtained by means of finite element model analyses (FEM), 
and to those measured in laboratory tests [24-27] both in absolute value and in the shape of the internal force 
diagram. Moreover, for the case of extremely stiff structures like metro station end wall diaphragms, where 
FR≈0 and R≈0, the resolution method is not well suited. For these cases, Wang [1] proposes to discard this 
technique and use the method proposed by Wood [28] to compute the pressure acting on walls. Nevertheless, 
the Wood method relies in the assumption that the stiff structure is founded on an infinitely stiff soil, which is 
not usually the case for cut and cover structures, and which contradicts the findings on rocking pattern behavior 
described by several authors [17-19, 22-24, 27, 29-30] for stiff underground structures. 

On the other hand, the E&J method, in order to assess jointly the differential structural displacement and 
internal forces, proposes to directly apply the free-field displacement to a simple frame computer model 
complemented with Winkler top, bottom, and lateral boundaries (Fig. 1b). In the E&J method, the free-field 
displacement in-depth profile is applied to the free ends of the Winkler springs, as well as the free-field shear 
stresses arising at the soil portion that will be substituted by the buried structure. The E&J method does not 
consider any further soil displacement amplification (does not multiply the free-field deformation times the 
racking R coefficient), assuming that the Winkler foundation will cater for the soil-structure interaction effect. 

This particular aspect of the E&J method (not considering the R factor) is an important issue which may 
yield inaccurate results in some cases. As an illustrative extreme example, albeit somewhat difficult to find in 
practice, we may consider the case of an infinitely flexible structure, namely a void space. Regarding the Wang 
method, the rectangular cavity shear deformation would correspond to a R≈2.5 free-field deformation, where 
the particular R value depends on the specific closed-form solution [1-3, 16-18], geometry, and soil Poisson 
coefficient. However, regarding the E&J method, given that the structure is infinitely flexible, the Winkler 
springs do not have anything to react against, and the structure-attached nodes would displace exactly the same 
amount as the nodes where the displacement is imposed, yielding a structure deformation identical to the free-
field deformation. 

In summary, for the case of very flexible structures the E&J method predicts structure displacements 
equal to the free-field, whereas the Wang method predicts displacements ≈250% larger than the free-field ones. 
On the other end, for the case of extremely stiff structures, the E&J method is able to predict internal forces 
results, whereas the Wang method is not well suited for these cases and some other method should be used. 
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2. Purpose of the Proposed Simplified Improved Method 

As exposed in the preceding section, several inaccuracies arise when using the described two trending analysis 
methods present in current seismic design codes for underground structures. Therefore, it would be desirable 
to have a single method which could be used confidently for the whole range of structural stiffness, able to 
deal with soil nonlinear behavior, and accurate when predicting structural deformations and internal forces. 
Ideally, this method would be intuitively easy to understand. 

The method that we briefly outline here is aimed to fulfill the above expectations, and is based in the 
three following aspects: 1) Develop a closed-form expression for the racking coefficient R which would yield 
a deeper understanding of the mechanics involved in racking distortion. 2) Extend this expression for the case 
of nonlinear soil behavior. 3) Integrate the preceding aspects into a conceptual frame, to predict internal forces. 

3. Closed Form for the Racking Coefficient, and Racking Profile 

Consider a rectangular underground structure (of width b, depth d, and aspect ratio =b/d), and a portion 
of surrounding soil of arbitrary size (of width L and depth H) concentric with the underground structure as in 
Fig. 3a. Consider that the soil exterior perimeter is subjected to a pure shear stress state, and consider that our 
purpose is to determine the strain field in the soil and structure. 

In determining the strain field, the following 3 assumptions are made: 

 The soil-structure system can be divided in rectangular blocks, numbered 1 to 9 (Fig. 3a). 
 Each block can only deform in a pure shear pattern (Fig. 3b), with the shear stiffness of an 

elastic, homogenous, and isotropic medium, defined by its shear modulus G and the elasticity 
equation =/G. Note that this equation measures the total sheared angle  between orthogonal 
boundaries, but that the sheared angle respective to the vertical and horizontal boundaries of the 
block is /2 each. 

 There is displacement compatibility between corners of adjacent blocks, that is, corners shared 
by different blocks displace horizontally and vertically the same amount. This would translate 
to a non-slip condition in terms of previous studies [1-2]. 

Stemming from the above, it is assumed that within each block shear stresses and strains are constant 
through the entire width or depth, in particular at its boundaries. This means that no stress or strain 
concentration will take place in the corners of the soil-structure, and that only an “average stress” and “average 
strain” will be considered for each block. Moreover, the total angle  sheared by each block will be the sum of 
the sheared angles H and V that produce horizontal and vertical displacements. 

If one follows the transfer of, say, horizontal shear force from the top to the bottom boundary through 
the depth of the system, from equilibrium considerations, it is easy to note that the total shear force at any 
horizontal section must be constant (Fig. 4a) (even if the horizontal shear stress at each block may be different). 

 

Fig. 3 – (a) Block diagram of a portion of the soil-structure system. (b) Pure shear strain scheme for a block. 
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Similarly, stemming from the above assumptions, and from displacement compatibility considerations 
between contiguous blocks, one can note that for each horizontally contiguous block (that is pertaining to the 
same horizontal layer, namely the top layer of blocks 1-3, the intermediate layer of blocks 4-6, and the bottom 
layer of blocks 7-9) the horizontal shear distortion strain H must be of equal value. 

Therefore, the horizontal displacement stiffness for each horizontal layer of blocks must be the in 
parallel sum of the shear stiffness of each of the three blocks within the layer. In particular, and considering 
that the horizontal displacement corresponds solely to the horizontal sheared angle /2, the stiffness Kn,H of 
each block n for a horizontal force will be as shown in Eq. 1-5. Where the term FR in Eq. 5 corresponds to the 
classical flexibility ratio as defined by Wang [1], which in the case of a linearly elastic single barrel rectangular 
tunnel of width b, depth d, and wall and slab bending inertias Iw and Ib respectively is defined by Eq. 6. A 
similar reasoning would be valid for the vertical shear force transferring right to left (Fig. 4b). Using 
appropriate dimensions, the stiffness Kn,V of each block n for a vertical force will be as shown in Eq.1-5. 

 𝐾ଵ,ு ൌ 𝐾ଷ,ு ൌ 𝐾଻,ு ൌ 𝐾ଽ,ு ൌ 2 ∙ 𝐺 ∙ ௔

௖
 (1) 

 𝐾ଵ,௏ ൌ 𝐾ଷ,௏ ൌ 𝐾଻,௏ ൌ 𝐾ଽ,௏ ൌ 2 ∙ 𝐺 ∙ ௖

௔
 (2) 
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                𝐾ଶ,௏ ൌ 𝐾଼,௏ ൌ 2 ∙ 𝐺 ∙ ௖

௕
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௔
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ீ∙೏
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೏
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శ

೏య
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 (6) 

From the previous expressions (Eq. 1-5), and owing to the shear strain compatibility between horizontal 
adjacent blocks, the shear stiffness for each horizontal layer (KTOP for the top layer, KINT for the intermediate, 
and KBOT for the bottom layer) can be obtained as an in-parallel sum of stiffness (Eq. 7-8). 

 𝐾்ை௉,ு ൌ 𝐾஻ை்,ு ൌ 𝐾ଵ,ு ൅ 𝐾ଶ,ு ൅ 𝐾ଷ,ு ൌ 𝐾଻,ு ൅ 𝐾଼,ு ൅ 𝐾ଽ,ு ൌ 2 ∙ 𝐺 ∙ ௅

௖
 (7) 

 𝐾ூே்,ு ൌ 𝐾ସ,ு ൅ 𝐾ହ,ு ൅ 𝐾଺,ு ൌ  2 ∙ 𝐺 ∙ ଶ௔

ௗ
൅ 𝐾ௌ்ோ௎,ு (8)  

 

Fig. 4 – (a) Horizontal shear transfer. (b) Vertical shear transfer. 
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The shear stiffness for each vertical layer (KLEFT, KCENT, and KRIGHT for the left, center, and right layers 
respectively) (Fig. 4b) can be obtained similarly as the in-parallel sum of corresponding stiffness (Eq. 9-10). 

 𝐾௅ாி்,௏ ൌ 𝐾ோூீு்,௏ ൌ 𝐾ଵ,௏ ൅ 𝐾ସ,௏ ൅ 𝐾଻,௏ ൌ 𝐾ଷ,௏ ൅ 𝐾ହ,௏ ൅ 𝐾ଽ,௏ ൌ 2 ∙ 𝐺 ∙ ு

௔
 (9) 

 𝐾஼ாே்,௏ ൌ 𝐾ଶ,௏ ൅ 𝐾ହ,௏ ൅ 𝐾଼,ு ൌ  2 ∙ 𝐺 ∙ ଶ௖

௕
൅ 𝐾ௌ்ோ௎,௏ (10) 

If one were to estimate the average horizontal shear stiffness KAVG,H of the soil and structure ensemble 
(that is the 9 blocks), by measuring the force required at the top face in order to produce a unit horizontal 
displacement, an appropriate method consistent with the above assumptions would be to sum the in-series 
stiffness of each horizontal layer (Eq. 11). Similarly for the average vertical shear stiffness KAVG,V of the soil 
and structure ensemble, adding the in-series stiffness of each vertical layer (Eq. 12). 
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 (12) 

With the previous results at hand, one can compute an approximate racking coefficient for the shear 
distortion of the embedded structure and the average shear distortion of the soil and structure ensemble, that is 
to say, the ratio of shear distortions between the inner structure INNINT,H + CENT,V and the outer perimeter 
AVGAVG,H + AVG,V, when the outer perimeter is subjected to a pure shear stress state of value . This racking 
coefficient would be the ratio of the sum of strains as shown in Eq. 13. 
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ಽ
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ಽ൉಼ಲೇಸ,ೇ

 (13) 

        

Fig. 5 – Horizontal shear deformation for a structure: (a) Stiffer than soil (FR<1). (b) Softer than soil (FR>1). 
Vertical shear deformation for a structure: (c) Stiffer than soil (FR<1). (d) Softer than soil (FR>1). 
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From the previous expressions, and for the sake of simplicity considering only the horizontal shear strain 
contribution, one can readily obtain some important information. As it would be expected, if the intermediate 
layer were stiffer than the soil-structure ensemble, the intermediate layer would deform less than the ensemble 
(Fig. 5a). On the contrary, if the intermediate layer were softer, the intermediate layer would deform more than 
the soil and structure ensemble (Fig. 5b). Notice that the distortion stiffness of the intermediate layer is 
governed by the distortion stiffness of the embedded structure: a small structure stiffness when compared with 
the substituted soil (FR>1) would yield an intermediate layer softer than the ensemble, and vice versa. A similar 
reasoning can be made regarding the vertical component of the shear strain, as depicted in (Fig. 5c-d). 

Until this point in the discussion, the dimensions L and H for the soil perimeter have been chosen 
arbitrarily. If we think for which dimensions the block assumptions may be approximately valid, we may 
consider that, for a soil perimeter close enough to the structure, the average shear distortion can be assumed 
constant in each layer. Therefore, we may think that we can compute approximately a racking coefficient 
between a soil perimeter close enough to the structure and the structure itself by means of Eq. 13. 

Moreover, we may assume that if we consider successive soil control perimeters (Fig. 6a), close enough 
one to each other (say perimeters i-1 and i), we may compute an approximate individual racking coefficient 
𝑅෨௜, relating the shear distortion of these, using Eq.13. For doing so in any control perimeter i, it will suffice to 
substitute the structure stiffness KSTRU,H and KSTRU,V in Eq. 11-12 with the average horizontal and vertical 
stiffness of the more internal perimeter i-1, KAVG,H,i-1 and KAVG,V,i-1, and to choose geometrical dimensions ai, bi, 
ci, di, Li and Hi corresponding to the given control perimeter i, as in Eq. 14. 

 𝑅෨௜ ൌ
ఊಲೇಸ,ಹ,೔షభାఊಲೇಸ,ೇ,೔షభ

ఊಲೇಸ,ಹ,೔ାఊಲೇಸ,ೇ,೔
ൌ

ಽ೔
೏೔൉಼಺ಿ೅,ಹ,೔షభ

ା
ಹ೔

್೔൉಼಴ಶಿ೅,ೇ,೔షభ
ಽ೔

ಹ೔൉಼ಲೇಸ,ಹ,೔
ା

ಹ೔
ಽ೔൉಼ಲೇಸ,ೇ,೔

 (14) 

If we follow the reasoning, we may think that the total racking coefficient relating the embedded 
structure shear distortion STRU, and the free-field distortion FF, can be approximated by a sufficiently large 
portion of soil surrounding the structure with a fine discretization of successive control perimeters, and by the 
product of each individual racking coefficient as in the multiplicative Eq. 15 (Fig. 6a). 

 𝑅 ൌ ఊೄ೅ೃೆ

ఊಷಷ
≅ ∏ ఊ೔షభ

ఊ೔

௜ୀ௡
௜ୀଵ ൌ ∏ 𝑅෨௜

௜ୀ௡
௜ୀଵ  (15) 

In Eq. 15 the 𝑅෨௜ expression is given by Eq. 14, and in Eq. 14 for i=1 corresponding to the innermost 
control perimeter, the KAVG,H,i-1=0 and KAVG,V,i-1=0 are the structure stiffness given by Eq. 5.     

 

Fig. 6 – (a) Successive series of control perimeters 1 to n. and individual racking coefficients 𝑅෨௜. (b) 
Displacement control points for a control perimeter j to compute intermediate racking coefficients with FEM. 
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Fig. 7 – (a) Racking coefficient R as per the proposed closed-form, FEM analysis, and other authors [1-3]. 
(b) Racking coefficient profile as per the proposed closed-form and FEM analyses. 

In order to verify the accuracy of the proposed closed-form solution for the racking coefficient, a series 
of finite element models (FEM) have been carried out in OpenSEES [31]. The FEM analyses developed 
represent the problem of a sufficiently large elastic, isotropic, and homogenous soil medium with an embedded 
rectangular structure at its center. The soil external boundaries are subjected to a pure shear stress state of value 
. The considered soil shear wave velocity is VS=360 m/s and the soil specific weight of  = 20 kN/m3, yielding 
a shear modulus G = 259.20 MPa. Regarding the tunnel, a concrete structure has been considered with Young 
modulus Ec = 30 GPa, and constant wall and slab thickness of hw = hb = 1.50 m providing the gross bending 
inertia. The width b and depth d dimensions of the structure have been varied from 1 m to 20 m. Different 
structure aspect ratios =b/d ranging from 1 to 3 have been analyzed to study its influence on the solution. The 
soil boundaries, both for the FEM analyses and the closed form solutions proposed in this paper have been 
chosen 50 m away horizontally and vertically from the structure. The chosen discretization for the closed form 
has been 1000 perimeters. Fig. 7a shows a very good agreement of the proposed multiplicative solution Eq. 15 
with the FEM analyses for all the studied aspect ratios. 

We might also consider to analyze and compare the profile of the racking coefficient at different 
distances (close and far from the structure), that is, how much an intermediate perimeter distorts respective to 
the free-field distortion FF. Regarding the multiplicative closed-form method presented in the previous section, 
an expression similar to Eq. 15 to compute such profile for a given perimeter j would be Eq. 16. 

 𝑅௉ாோூெ ௝ ൌ
ఊುಶೃ಺ಾ ೕ

ఊಷಷ
≅ ∏ ఊ೔షభ

ఊ೔

௜ୀ௡
௜ୀ௝ାଵ ൌ ∏ 𝑅෨௜

௜ୀ௡
௜ୀ௝ାଵ  (16) 

As for the racking coefficient, the same set of FEM analyses has been used to obtain numerical results 
for the racking profile. The average shear distortion FEM,PERIM j at each control perimeter j in the FEM analyses 
has been computed as the horizontal and vertical displacement difference for the bottom leftmost corner and 
the top rightmost corner of each perimeter with Eq. 17 (Fig. 6b), and then normalized by the free-field 
distortion FF to obtain the racking profile at each perimeter j. 

 𝛾ிாெ,௉ாோூெ ௝ ൌ
୼ಹೀೃ಺ೋ,೅ೀು,ೕି୼ಹೀೃ಺ೋ,ಳೀ೅೅ೀಾ,ೕ

ுೕ
൅

୼ೇಶೃ೅,ೃ಺ಸಹ೅,ೕି୼ೇಶೃ೅,ಽಶಷ೅,ೕ

௅ೕ
 (17) 

Results are shown in (Fig. 7b) where the horizontal abscissa has been normalized among models as the 
ratio of the distance of the control perimeter to the structure X, divided by the structure width b 
(XPERIMETER/bSTRUCTURE=0 means a perimeter adjacent to the structure, and XPERIMETER/bSTRUCTURE=2 two widths 
from the structure). In Fig. 7b the multiplicative expression Eq. 16 shows a very good agreement with the 
FEM, and indicates that a distance of 1.5 to 2 structure widths the influence of the embedded structure becomes 
almost negligible. 
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4. Consideration of Nonlinear Soil Behavior 

Large ground motions are expected to develop large soil strains, and hence, nonlinear behavior. A rational 
method to incorporate nonlinear soil behavior would be to perform the computation of the racking coefficient 
R by means of Eq. 15, but with a reduced soil stiffness which would consider the strain level reached at every 
point in the surrounding soil. Regarding the proposed method, this can be easily done by modifying the 
constant value G in Eq.1.-5, to the secant-reduced value corresponding to each control perimeter Gj. Given 
that the whole racking coefficient profile RPERIM j (Fig. 7b) is known, the racking deformation for each perimeter 
can be computed as PERIM j = FFꞏ RPERIM j, and Gj by means of the corresponding stiffness reduction curve. 

 

Fig. 8 – (a) Structure deformation as a function of free-field deformation. (b) Nonlinear racking coefficient. 

To assess the accuracy of the proposed technique, a series of FEM analysis have been carried out in 
OpenSEES, with soil non-linear behavior as provided by the PressureIndependMultiYield material [32] for 
soft, medium, and stiff clays. Results obtained by the proposed simplified method and FEM analyses present 
a very good agreement. Fig. 9a shows the embedded structure shear strain Tunnel as a function of the soil free-
field shear strain FF, while Fig. 9b shows traditional racking coefficient curves for different free-field shear 
strains FF, and both show how soil stiffness reduction decreases the racking coefficient for large soil strains. 

5. Improved Method for the Analysis of Bending Moments and Shear Forces 

Once that the structure racking deformation is obtained, whether for the soil linear or nonlinear behavior, 
appropriate assessment of the structure internal forces must be done. Some current simplified methods, such 
as the one proposed by Wang [1] (Fig. 9a) are able to approximately predict the shearing deformation of 
underground structures, but provide inaccurate results in terms of internal forces. Therefore, the question arises 
of what are the mechanical effects that come into play precluding to predict accurately bending moments and 
shear forces, but which do not influence the overall deformational behavior of the structure. 

The mechanism proposed in this study to explain this behavior is that of the local surrounding soil 
reaction. As the structure distorts in shear, the members local bending (i.e. slabs and walls) produces outwards 
and inwards deflections out of the geometrical planes defined by the corners of the structure. These deflections 
induce a set of local mutual reactions between the surrounding soil and the structure lining, which in turns 
modify the deflection of the members and therefore the internal forces. 

To predict such a local behavior, and to improve the assessment of the lining internal forces, a simple 
model is proposed as in Fig 9b. Conceptually, we may think that, once that the overall structure distortion is 
imposed to the underground frame, the local mutual reaction of the soil and structure can be modelled through 
a series of Winkler springs. Given that the structure and surrounding soil are already distorted by an imposed 
displacement, the Winkler foundation should not link the structure members to an outer undefined boundary, 
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but to a frame of reference which is able to move along with the lining in its racking distortion. This frame of 
reference represents the average line of contact between soil and structure, and can be represented 
appropriately in a simple frame computer model by a set of infinitely stiff beams (i.e. much stiffer than the 
lining members stiffness), which are linked to the lining frame corner nodes, and provided with flexural hinges 
at these corners. This stiff-beams reference frame is then linked to the adjacent lining frame by a set of Winkler 
springs which represent the local soil-structure interaction. For the value of the Winkler spring stiffness, the 
expression proposed by Vesic [33] has been found to provide results accurate enough. However, this does not 
preclude the use of other values for the Winkler stiffness as determined from field tests, which could be more 
representative of the conditions for the particular case at hand. 

 

 

 
Fig. 9 – Sketch of (a) Wang method. (b) Proposed method. Top slab bending moments diagram as per: (c) 

Wang method. (d) Proposed method. Top slab shear as per: (e) Wang method. (f) Proposed method. 
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Fig. 9 shows the comparison of internal forces obtained by the Wang [1] method, proposed improved 
method, and FEM analyses. Fig. 9c and Fig. 9e compare bending moments and shear in the structure top slab 
as per Wang method and the FEM analyses. Fig. 9d and Fig. 9f do the same for the proposed improved method. 

As it is readily apparent, the Wang method provides accurate results for the stiffer structures, but present 
large differences for the softer structure cases. In particular, it fails both to predict the shape of the bending 
moment and shear diagrams. Wang method predicts the slab to behave as a beam in double bending with 
constant shear, while the FEM analyses predict more convoluted shapes, with sharp increases in moments and 
shear towards the end sections for the softer structure cases. On the other hand, the results obtained with the 
proposed simplified method show a very good agreement to the FEM results. In particular, the proposed 
improved method is able to capture the sharp increase both in moment and shear at the end of the slab. 

6. Conclusion 

A simple improved method to accurately predict bending moments and shear forces in rectangular underground 
structures subjected to earthquake action has been succinctly presented. The results provided by this method 
have been compared to those obtained with finite element analyses, and it is shown to be more accurate than 
current simplified approaches. The proposed method can be thought to be a blend of the two major trends 
present in international earthquake resistant design codes addressing the analysis of underground structures. 

The method consists of three steps: 1) assessment of the soil-structure racking deformation, 2) 
reevaluation of the racking deformation in order to consider soil non-linear behavior, 3) assessment of the 
structure internal forces with a simple frame model, with Winkler springs, and with a stiff reference frame. 

The method can be very easily implemented with a spreadsheet and a simple frame computer model, 
similar to those currently used in the racking-stiffness assessment of underground structures  with limited extra 
effort, but more importantly, it provides a simple conceptual framework to understand the mechanic behavior 
of a rectangular structure embedded in a surrounding medium, subjected to the earthquake action. 
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