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ABSTRACT

The bearing capacity of foundations in Denmark is typically analysed using the closed form equa-
tions from DS/EN 1997-1 DK NA:2013, and the present paper compares selected examples with
similar results from the finite element method (FEM). The paper includes a discussion of the bear-
ing capacity factors, the shape factors, plane strain considerations, axi-symmetry and three-
dimensional analyses.
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y’, the effective surcharge g’ and the effective

1 INTRODUCTION cohesion, c’. o o
In this study the contributions are first inves-
The present paper compares the bearing ca- tigated separately to examine the abl'lty to re-
pacity estimated using DS/EN 1997-1 DK create each of these using FEM, after which
NA:2013 (EC7-DK NA) with results obtain- the combined effect is investigated.
ed using the finite element method (FEM). ) .
The overall scope is to investigate whether 2.1 Drained capacity
the two approaches will lead to similar bear- The overall drained bearing capacity formula
ing capacities. The paper summarises the from EC7-DK NA is given in equation (1).
main aspects covered in the report Banedan-
mark (2014). %=%-y'-B’-Ny-sy+q'- se ()
11 Ma_ln assumpt_lons . . . Where Q¢/A' is the vertical bearing capacity,
The main assumptions used in the investiga- B' is the effective foundation width, N, is the
tions are: The t_)ase of the footlr)g_ is pl_aced on bearing capacity factor for the y’-case with s,
a h(_)rlzontal soil surface_ comprising e_|ther a being the corresponding shape factor, Nq is
drained (sand) or undrained (clay) soil; The the bearing capacity factor for the q’-case
soil is isotropic and homogeneous; The with and s, being the corresponding shape
Mohr-Coulomb failure criterion is applied factor. The c’-case is a mathematical reflec-
using associated and non-associated flow; tion of the g'-case and is thus left out from
The foundation is I(_)aded vertl_call_y with cen- this study and of equation (L).
trically and eccentrically loading included. The basis for equation (1) is the two-
dimensional case with N, from Lundgren &
2 BEARING CAPACITY FORMULA Mortensen (1953), Ny from Prandtl (1920)
and with s, = s = 1.00. When investigating
The drained bearing capacity formula con- three-dimensional cases, the empirical factors
tains three independent contributions that are s, and sq differs from unity. Therefore, the
calculated separately and added following Danish approach with equation (1) is to use
equation (1). These three contributions are the plane strain friction angle, @'y for sand in
represented through the effective unit weight, all the analyses; also for a square footing.
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Following EC7-DK NA, the plane strain fric-
tion angle (secant value) for sand is defined
by ¢'pi = ¢'y(1.00+0.10-Ip), where Ip is the
density index. With Ip = 1.00: ¢’y = 1.10-¢"s.
The effective foundation width B' was sug-
gested by Brinch Hansen (1970) to be esti-
mated as B' = B — 2-e, where B is the width
of the foundation and e is the eccentricity of
the vertical load relative to the vertical centre
line. This approach is used and investigated
in the study.

2.2 Undrained capacity

In the undrained case, the bearing capacity is
calculated as:

Q
U N5+ g @)

Where ¢, is the undrained shear strength, N¢°
is the undrained bearing capacity factor, s.’ is
the shape factor and q represents the total
surcharge.

3 METHOD OF INVESTIGATION

Four different aspects are investigated for
each of the y’-case, the q’-case and the un-
drained case:
- Can 2D FEM be used to validate the bea-
ring capacity factors from EC7-DK NA?
- Can 2D FEM be used to validate the ap-
proach with effective foundation width?
- Can axi-symmetrical FEM models be
used to validate the shape factor for a
square footing from EC7-DK NA?
- Can 3D FEM models be used to validate
the shape factor for rectangular footings?

After investigation of each separate case the
drained combined capacity is investigated
with a case study using EC7-DK NA, plane
strain and 3D models.

4  UNDRAINED CASES

The undrained analyses are based on a con-
stant ¢, = 10 kPa with Young’s modulus, E =
20 MPa. The foundation is assumed weight-
less with E = 20 GPa. The interface between
the soil and the foundation is modelled per-
fectly rough (10 kPa) or smooth (0.1 kPa).
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4.1 Plane strain

A completely rough foundation was loaded
vertically by a line load [KN/m] and the effect
of different eccentricities was investigated.
The load was increased until failure was ob-
served and the bearing capacity factor was
then back-calculated from equation (2): Nc&©
= Qs / (B’-cy). Table 1 summarizes the results
from the FEM analyses. The analytical well-
determined value of N’ =7 + 2 ~ 5.14.

Table 1: Plane strain Plaxis results for undrained
clay. The value of “Acc.” represents N / (x
+2).

B' e/B Qs Ne©

ml | [ | k]| [ | A

e [m]

0.00 | 400 | 0.000 | 206.09 | 5.15 | 1.002

0.30 | 3.40 | 0.075 | 179.72 | 5.29 | 1.028

060 | 2.80 | 0.150 | 148.08 | 5.29 | 1.029

090 | 220 | 0.225 | 116.88 | 5.31 | 1.033

1.20 | 1.60 | 0.300 | 85.70 5.36 | 1.042

150 | 1.00 | 0.375 | 54.38 5.44 | 1.058

Table 1 shows that the bearing capacity fac-
tor can be accurately calculated using plane
strain FEM, and that the effective foundation
width concept is accurate within 5 % accura-
cy if e/B < 0.30. Shear strain contour plots of
selected failure mechanism from Table 1 are
seen in Figure 1.

e/B =0.150 e/B =0.225

e/B = 0.300 e/B =0.375

Figure 1 Shear strain contour plots for selected
failure mechanisms in Table 1.

The interface strength did not influence the back-
calculated bearing capacity factor.

4.2 Axi-symmetry

The axi-symmetric model was initially ap-
plied to investigate whether the interface
strength would influence the estimated capac-
ity. The back-calculated Plaxis result showed
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N2C = 6.06 where the theoretical solution
implies 6.05, cf. Hansen (1982) and Martin
(2004). For the smooth case, the Plaxis model
gave 5.71 whereas the theoretical solution
implied 5.67. The difference is likely due to
the fact that “smooth” in the Plaxis-model
was represented through an undrained shear
strength of 0.1 kPa. The shear strain contour
plots of the failure mechanisms are seen in
Figure 2.

Figure 2: Shear strain contour plots for axi-
symmetric failure mechanisms. Left: Completely
rough and right: Smooth (0.1 kPa strength).

If the bearing capacity of a square footing
equals the capacity of circular footing with
the same area, the shape factor is thus s;° =
6.06 / 5.14 = 1.18 for a perfectly rough foun-
dation and 1.10 for a smooth foundation.
EC7-DK NA uses sc’ = 1.0+0.2-B/L or corre-
sponding to 1.20 for a square footing.

4.3 3D Models

The dependency between s.° and the ratio
B/L, where L is the foundation length, is in-
vestigated using Plaxis 3D models with a
completely rough interface. The mesh of the
3D models include a quarter of the founda-
tion (double symmetry). A vertical load is
applied to the foundation, and failure is in-
troduced through ¢'-c-reduction. The follow-
ing analyses are performed:

- Accircular foundation in 3D Plaxis re-
presenting the axi-symmetrical case
available in 2D Plaxis.

- Assquare footing (B = L).

- Five rectangular foundations (L > B)
to investigate sc.

The circular and square footings are compar-
ed to the results of the axi-symmetric results
in Table 2.

From the results in Table 2 it can be conclud-
ed that estimating the bearing capacity of a
circular foundation using either axi-symme-
try or a 3D analyses leads to very similar
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results (deviation less than 3%). Furthermore,
estimating the capacity of a square or circular
footing with equal areas leads to almost iden-
tical results.

Table 2: Back-calculated results from Plaxis for
circular and square foundations on undrained

clay.

Plaxis model N CH
Axi-symmetric (2D Plaxis) 6.06
Clrcglar foundation (3D 6.22
Plaxis)

it)quare foundation (3D Plax- 6.16

The results from the five rectangular footings
are seen in Figure 3, in which the s -factor is
back-calculated using s.” = Q¢ / (A-cy-(n+2)).
1.20 -
1.18 -
116 -
114 2
112 -
=110
? 108 -
1.06 -
104 -
102 -

1.00 ——
00 041

| — DS/EN 1997-1 DK NA |
| o~ Plaxis 3D

T T T T T T T 1
02 03 04 05 06 07 08 09 10
BIL [

Figure 3 Back-calculated shape factor s.° for
undrained clay against the B/L-ratio based on
Plaxis 3D results and EC7-DK NA.

Figure 3 shows that as the B/L-ratio decrea-
ses the results deviate more and more from
EC7-DK NA. However even for B/L = 0.10
the difference is only 6.6 % with EC7-DK-
NA being on the safe side, and the results
from the two methods may thus be consid-
ered almost identical.

4.4 Conclusions

The main conclusions from the undrained
analyses are as follows: The N¢° value can be
estimated correctly using Plaxis 2D and the
interface shear strength will not influence the
bearing capacity. The adopted principle about
the effective foundation width is confirmed
up to e/B < 0.30. The theoretical N¢° factor
for axi-symmetry varies between 5.67 and
6.05 for a smooth and a completely rough
interface, respectively. Almost similar results
are found using Plaxis 2D models. Compar-
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ing plane strain and axi-symmetry reveals a
shape factor s.” of 1.10 and 1.18 for smooth
and completely rough interface, respectively.
EC7-DK NA prescribes 1.20.

Plaxis 3D results indicate that the shape fac-
tor s’ from EC7-DK NA is on the safe side.

5 DRAINED ANALYSES g’-CASE

Following equation (1), the drained capacity
of a foundation placed on a soil with ¢' >0, ¢
=0, y' =0 and a surcharge q' > 0 shall be
estimated from Qs / A’ = q’-Ng-Sq Where the
statically admissible solution of N is defined
by tan®(45°+¢’/2)-€™" and s, = 1.0+0.2-B/L
following EC7-DK NA. The formula for Nq
is only kinematically admissible for associat-
ed flow, i.e. ¢ = y.

'

5.1 Plane strain

The plane strain models were based on simi-
lar assumptions as for the undrained models
except that the undrained shear strength was
replaced by ¢’ and ¢’ = 0.

For a vertical and centrally acting foundation
load, the 2D Plaxis results were within a 0.5
% accuracy compared to the formula for Ny
using ¢’ in the range of 15° to 45° with asso-
ciated flow.

The interface shear strength did not influence
the 2D Plaxis results.

For y = ¢’ = 30°, 2D Plaxis revealed N,°° =
18.48 to be compared with Ng = 18.40.
Setting ¢’ = 30° and y = 0°, 2D Plaxis gave
Nq5€ = 14.50 or 22 % reduction compared to
associated flow.

Using a partial factor of yi.ny = 1.20 would
give a reduction of 38 % for ¢’ = 30°. The
difference between associated and non-
associated flow is thus significant, albeit less
significant than the effect of a partial factor
of safety.

The influence of the eccentricity of the load
was investigated similar to the undrained
case, and the result can be seen in Table 3 for
associated flow and ¢' = 30°. The load was
increased in the calculation until a fully de-
veloped failure mechanism occurred.

Table 3 shows that for e/B < 0.25 the bearing
capacity estimated by Plaxis is up to 8 %
higher, while the calculation with e/B = 0.30
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shows a capacity that is lower than estimated
using EC7-DK NA. It was not possible to
obtain a failure for e/B > 0.30, as this lead to
numerical problems.

Table 3: Plane strain Plaxis results for sand. Acc.
is calculated as N,°° / Ng.

em| B e/B Qs N | Acc.
[m] [-] [KN/m] []

0.30 3.40 0.075 67.45 19.84 | 1.078

0.60 2.80 0.150 55.41 19.79 | 1.076

0.90 2.20 0.225 42.37 19.26 | 1.047

1.20 1.60 0.300 26.81 16.76 | 0.911

The principle of effective width represents an
approximate approach for a drained material,
and the accuracy is expected to increase for
decreasing friction angles.

Shear strain contour plots of the failure me-
chanisms from Table 3 are seen in Figure 4.

Figure 4 Shear strain contour plots of the failure
mechanism investigated in Table 3. The plots are
drawn to scale.

5.2 Axi-symmetry

For plane strain the N value is unambiguous-
ly defined and agreed upon in the literature.
This is not the case with the axi-symmetric
value of Ng. Albeit not representing a full
literature study, some main points are sum-
marized here.

The method of characteristics has been ap-
plied by Kumar & Ghosh (2005), Bolton &
Lau (1993), Martin (2004) and Hansen
(1979). The hoop stress in the model is as-
sumed to be equal to the minor principal ef-
fective stress, ¢'3. Ng = 29.5 is obtained by
Kumar & Ghosh (2005) and by Bolton & Lau
(1993) using @' =y = 30°. Martin (2004)
arrives at Ny = 37.2 for the same assump-
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tions, but he and Hansen (1979) states that
the stress characteristics in the Rankine zone
(see Figure 5) may cross each other, and the
model applied can thus not represent a stati-
cally admissible solution.

Crossing characteristics

ABC i

Plaxis

Figure 5 Upper part: Stress characteristics from
Martin (2004) using a completely rough founda-
tion base in an axi-symmetric analysis with ¢' =
w = 30° Lower part: Shear strain contour plot
from a similar Plaxis analysis. The plots are
drawn to scale.

The observation from Martin (2004) with
crossing stress characteristics is not mention-
ed by Kumar & Ghosh (2005) or by Bolton &
Lau (1993), and Martin (2004) writes "Cer-
tainly it appears that many previous resear-
chers, including Cox et al. (1961), Cox
(1962), Salencon & Matar (1982a) and Bol-
ton & Lau (1993), have turned a blind eye to
the occurrence of crossing characteristics in
their meshes, if indeed they were aware of it
atall”.

The results from Martin (2004) do not devi-
ate more than 2 % from similar results using
Plaxis for friction angles between 15° and
45°, The approach from Martin (2004) yields
almost identical results to those of Lundgren
& Mortensen (1953) when calculating drain-
ed plane strain problems. In this paper it is
therefore assumed that the approach applied
by Martin (2004) leads to the “most realistic
results”.

The approach by Martin (2004) is established
as a software code called ABC, which is
available online with a documentation manu-
al, enabling the user to calculate failure
mechanisms for a wide range of input param-
eters.
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For the q’-case, the shape factor s is investi-
gated by the following approach:

- @'y is varied from 10° to 45° and @'y is
estimated from @'y = 1.10:@'y.

- ABC is used to estimate the plane strain
Ng” from 'y, while N, is estimated
from ABC and o'y.

- The plane strain and axi-symmetric val-
ues are related with: sq- Ng” = Ng".

- Ng"is estimated using Plaxis to compare.

The results of the investigation are seen in
Table 4. qu' is derived using ¢'y as the rup-
ture figure for Ny is a plain strain mechanism.
A different approach will lead to different
values of sg.
Table 4: Estimated values of Ng using both plane
and triaxial friction angles. Comparative axi-
symmetrical Plaxis analyses are shown, using ¢'y
and associated flow.

(p.tr (p'pl qul thr NqPIams
[’] [] [] [] []
10.0 11.0 2.71 2.96 -
15.0 16.5 4.55 5.25 5.28
20.0 22.0 7.82 9.62 -
25.0 27.5 13.94 18.40 -
30.0 33.0 26.09 37.20 37.91
35.0 38.5 52.31 80.81 -
40.0 44.0 115.31 192.73 -
45.0 49.5 290.81 520.62 526.14

Table 4 shows that the values obtained from
Plaxis using associated flow resembles those
obtained from ABC using the method of
stress characteristics. The formula below
represents an approximation of the axi-
symmetric N for a completely rough founda-
tion. The regression coefficient is 0.99:

log1o(Ng) = 5.035-107* - ¢ + 3.487 -
1072+ ¢ — 7.776 - 1072 [10° < ¢ < 45°]

EC7-DK NA dictates sq = 1.20 for a square
footing, independent of ¢'. Figure 6 depicts
the estimated relationship between sy and ¢'
using data from Table 4, Brinch Hansen
(1970) and data laboratory tests by de Beer
(1970) where sy = 1.00+B-tan(¢")/L.
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20
19 | — Based on Table 4 (ABC) .’
18 ] = = 0.80 +tan0-80¢'  This project P

1| — 1.00 + sing',, Brinch Hansen (1970) |
4[ - - 1.00 + tan¢',, de Beer (1970)

T T T T T T T T T T T 1
10 15 20 25 30 35 40 45
¢', [degrees]

Figure 6: Estimated values of s, from different

approaches.

Using the approach from EC7-DK NA seems
to be on the safe side as ¢' > ~17°. EC7-DK
NA identifies sq = Sc. However, s; appears to
be 10 to 20 % higher than sq when s is eval-
uated using the procedures applied to esti-
mate Sq.

5.3 3D Models

Modelling in Plaxis 3D were performed to
validate the axi-symmetric results and to in-
vestigate the sy factor as the ratio B/L is
changed. The investigations were based on
completely rough foundations, associated
flow with ¢' =y =30° and ¢' = 0.

Failure in the models were found by dis-
placement control. A circular, a square and
three rectangular (B < L) foundations were
investigated.

Results from the axi-symmetric, circular and
square models are shown in Table 5.

Table 5: Back-calculated N, values from Plaxis
models. Martin (2004) estimates Ny = 37.20 for
the same case.

Plaxis model N~ [
Axi-symmetric, Plaxis 2D 37.91
Circular footing, Plaxis 3D 39.55
Square footing, Plaxis 3D 38.86

Table 5 shows that the results of the axi-
symmetric model and the circular foundation
in Plaxis 3D leads to very similar values as
the difference is less than 4 %. The value of
the square footing is almost identical to the
circular footing.

Back-calculating results of the Plaxis 3D
models leads to an estimate of the s, factor as
seen in Figure 7. The expression from EC7-
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DK NA and results from de Beer (1970) is

shown as well.
16

— DS/EN 1997-1 DK NA
-e~ Plaxis 3D
- - de Beer (1970)

0.8 T T T T
00 01 02 03 04

T T T T T 1
05 06 07 08 09 10
BIL[

Figure 7: Back-calculated values of s, for
¢ = 30° and associated flow.

Figure 7 indicates that the value of s, from
EC7-DK NA is on the safe side for ¢' = 30°
as the foundation length is below 3-4 times
the width. When the length of the foundation
exceeds 3-4 times the width the recommen-
dation in EC7-DK NA may be on unsafe
side. Results from de Beer (1970) generally
show larger values of s, than the other meth-
ods.

The reason for Figure 8 showing sq < 1 for
Plaxis 3D results may be due to different
failure mechanisms occurring along the
foundation. Close to the middle of the foun-
dation the failure will be similar to the plane
strain case, while at the ends of the founda-
tion a more complex 3D failure mechanism
occurs. This may lead to Plaxis 3D not being
able to fully develop failure along the full
length of the foundation as the capacity per
length of foundation is not equal along the
foundation.

5.4 Conclusions

Plane strain analyses with Plaxis leads to si-
milar results as found in Prandtl (1920).
When applying non-associated flow a reduc-
tion of the estimated N, of approximately 20
% is found. For eccentric vertical loads the
approach in EC7-DK NA appears on the safe
side of e/B < 0.25, for larger values the ap-
proach may be unsafe. Comparing plane
strain and axi-symmetric models, the s, value
from EC7-DK NA may be unsafe for ¢' low-
er than approximately 20°.

The shape factor from EC7-DK NA for L > B
may be on the unsafe side when the founda-
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tion length exceeds the width by 3-4 times.
However this conclusion might be influenced
by numerical issues.

The overall conclusion is that for the drained
q'-case results from EC7-DK NA and Plaxis
will likely deviate, with Plaxis giving the
largest capacities. The size of the overshoot
will depend on how the aspects covered in
this paper are combined.

6 DRAINED ANALYSES y-CASE

Following equation (1), the drained capacity
for the y’-case can be estimated from Qs / A’
=Y v’ -B"N,-s,, where B' is the width or di-
ameter of the footing and s, is the shape fac-
tor, s, =1.0-0.4 B'/L.

The plane strain value of N, was estimated by
Lundgren & Mortensen (1953) using a stati-
cally admissible solution based on stress cha-
racteristics for a Mohr-Coulomb material.
Bending (1970) showed that the solution is
kinematically admissible for a wide range of
dilation angles y. EC7-DK NA includes the
following approximation: N, = %4 ([Ng-1]-
cos 9')¥2, valid for a completely rough inter-
face.

The approach and assumptions described in
the q'-case has been reused for the y'-case,
however with the soil weight y' = 10 kN/m?3
and g' = 0 kPa.

6.1 Plane strain

Initially N, was investigated using plane
strain models. Due to numerical issues a sur-
charge of g' = 0.1 kPa was added and failure
in the model was obtained by either in-
creasing the load (Load) or by adding a pre-
scribed displacement (Disp.). The back-
calculated value N,5 is found from equation
(1) and shown in Table 6. The effect from the
surcharge is removed from the Plaxis results.
The results in Table 6 for ¢’ =y =30° indi-
cate that displacement control may lead to the
most accurate results. When using y = 0°, the
capacity reduces about 20 %, similar to what
was found in the g'-case.

The bearing capacity formula is based on
superposition of each contribution, and if all
the effects from y’, q’ and ¢’ are included in
one and the same analysis, Lundgren &
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Mortensen (1953) showed that the estimated
bearing capacity would increase by a factor
being dependent on the ratio y’-B/(q” + y’-B).
This effect is not included in the present pa-
per, but the effect can be observed in the re-
sults from 2D Plaxis too.

Table 6: Back-calculated plane strain results for

sand for a completely rough foundation.
' ' BC

0] 0] Load- Ny Ny Acc.
1| [1] ing [] [] [-]
15 | 15 | Disp. 1.26 1.18 1.070
Load 15.96 1.082
30 | 30 M high T 1549 | 470 [T1.050
35 35 Disp. 36.86 34.48 1.069
30 | 0 | Disp. | 12.03 - -

Table 6 includes analyses covering ¢’ up to
35° and numerical problems were encounter-
ed for higher values of ¢’. With ¢' =40° and
v' = 10 kN/m? the average pressure below a 4
m wide foundation is 1700 kPa, whereas the
vertical effective stress on the soil surface
next to the footing is 0 kPa. The stress singu-
larity at the edge of the foundation is appar-
ently too strong to allow for a numerical so-
lution with the finite element method.

The effect of eccentric loading was investi-
gated similar to the previous cases and the
2D Plaxis results revealed an overshoot of
approximately 5 % for e/B < 0.25. For e/B >
0.25 numerical problems were encountered.

6.2 Axi-symmetry

When the literature is surveyed, the value of
the axi-symmetric N,—value reveals a signifi-
cant scatter. Results from Kumar & Ghosh
(2005) and from Bolton & Lau (1993) are
consistently higher than those values derived
from Plaxis and ABC. Bolton & Lau (1993)
and Kumar & Ghosh (2005) may not have
assumed the critical shape of the failure
mechanism.

The Plaxis results from Table 7 are approxi-
mately 7 % higher than those obtained from
ABC. The lowest row in Table 7 represents a
calculation using ¢ = 30° and y = 0°. The
estimated capacity is approximately 25 % lo-
wer than for associated flow.
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Table 7: Results from ABC and Plaxis used to
estimate the axi-symmetric value of Ny for a
completely rough foundation. * v = 0°.

o' ABC Plaxis AcC
(] QJA N,>¢ QJ/A N, 1 '
[kPa[ [-] [kPa] [-]

10 6.46 0.32 - - -
15 18.7 0.93 20.73 1.01 1.08
20 48.4 2.42 - - -
25 121.6 6.08 - - -
30 310.8 15.5 3359 | 16.61 | 1.07
35 838.5 41.9 907.0 | 4495 | 1.07
40 | 24745 | 1237 - - -
45 | 8356.3 | 417.8 - - -
30* - - 2495 | 12.29

Figure 9 shows the shear strain contour plot
from Plaxis using ¢' = y = 35°. Using larger
friction angles implied numerical problems.

Figure 9: Shear strain contour plot of the axi-
symmetric failure mechanism for associated flow,
@' = 30° and a completely rough foundation.

The results from ABC in Table 7 leads to the
following approximation of N, for a comple-
tely rough foundation [10° < @’ < 45°]:

log1o(N,) = 2.576-107° - > — 1.868 -
1073 2 + 1.253-1071- ¢ — 1.581

The coefficient of regression is 0.9983.

The shape factor s,"~> was estimated using
the same approach suggested for the q’-case:
s,-%=2N," / (N,”"\m), where D/B = 2\,
N, follows Table 7 and N.” is calculated
from Lundgren & Mortensen (1953) with @'y
= 1.10-9'y. These values are shown together
in Figure 10.

In EC7-DK NA s, is dictated as equal to
0.60 with no dependency on ¢', this appears
to be on the safe side.
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— Plane strain Ny with ¢ = ¢,
| — Plane strain Ny with ¢ = 1.1¢',
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0.1 — ‘
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Figure 10: Estimated values of N, against the
triaxial friction angle. Note that the dashed red

curve represents s,”~° and not N, .

6.3 3D Models

The calculations in Plaxis 3D for the pure y'-
case proved to be very challenging to execute
to a satisfactory level. As in the Plaxis 2D
calculations, a small surcharge was applied to
ensure non-zero effective stresses at the soil
surface. This was however not enough to
ensure stable and reliable calculation results.
The results presented in this section are the
product of a large number of iterations regar-
ding modelling and numerical parameters, in
the attempt to reproduce results similar to the
axi-symmetric results and obtain reliable
failure mechanism.

It seems that Plaxis 3D calculation for the
pure y'-case is not feasible, as this will lead to
numerical issues and results that are not easi-
ly reproducible for varying numerical set-
tings. The results of this section should thus
be taken as a best estimate based on the work
performed within the time frame of this pro-
ject, and that further work is needed to fully
understand the issues involved in executing
reliable 3D FEM calculations for a pure y'-
case.

Using q' = 1.0 kPa, y' = 10 kN/m? and a dia-
meter of D = 3.54 m, the results shown in
Table 8 was obtained.

The failure load is divided by a combination
factor p=1.18 for ¢'=15° and p=1.10 for
¢ = 30°, before N, is back-calculated. This
combination factor accounts for the superpo-
sition effect of the y' and q' contribution and
is explained in Banedanmark (2014).

IGS



Bearing Capacity, Comparison of Results from FEM and DS/EN 1997-1 DK NA 2013

Table 8: Back-calculated values of N, for a circu-
lar foundation with completely rough interface.
* Result from Table 7.

¢ Plaxis 3D Plaxis 2D* ABC
] QA Ny Ny Ny
[kPa] [-] [] [-]
15 29.62 1.12 1.01 0.93
30 532.74 25.26 16.61 15.54

Table 8 shows that the 3D models leads to
comparable values for ¢' = 15°, however for
¢' = 30° the values differ by a factor 1.5.
Analyses for rectangular foundations (B<L)
were undertaken, and the main results are
seen in Table 9. The value of the combination
factor p is calculated based on Banedanmark
(2014). The shape factor is calculated as:

s, = (Q/A/u- q“Ng) / (1/2-y"B-N,P).

The results for L = B from Table 9 should be
directly comparable to Figure 10 as the con-
tribution from g’ has been corrected for. For
¢' = 15° the values are comparable, however
for ¢' = 30° they are not.

Table 9: Main results from Plaxis 3D analyses
using rectangular foundations with B = 4 m and

' =10 kN/m3,
L q ¢'[°] QA p Sy
[m] | [kPa] [kPa] []
4 1.0 39.90 | 1.17 | 0.973
8 15 38.23 1.162
16 | 0.1 40.01 | 1.05 | 1.217
40 42.22 1.284
4 387.9 0.691
8 1.0 30 476.8 | 1.09 | 0.858
16 489.6 0.882

For the Plaxis 3D analysis with y' > 0 and

q' = 0 it has been difficult to identify a clear
and consistent final state of failure. Increas-
ing the value of g" will improve converge
towards failure.

The singularity at the edge of the foundation
is represented by a geometrical point being
subjected to a significant foundation pressure
at one side and to a stress state of virtually no
pressure on the other side, which may cause
numerical problems. These problems are pre-
sent in the 2D and axi-symmetric models as
well, however here they only represent a sin-
gle point in the model, while in the 3D mod-
els the singularity is present around the whole
circumference of the foundation. The investi-
gation within the time frame available did not

IGS

585

allow for a solution of this problem. It might
be the case that more elements are needed or
that a strength increase in the soil should be
present at the points of singularity.

6.4 Conclusions

Plane strain analyses with Plaxis in the y'-
case leads to a bearing capacity factor resem-
bling what can be found from Lundgren &
Mortensen (1953) and from EC7-DK NA.
The value of N, will change as the roughness
of the interface is changed. Using non-
associated flow will reduce the capacity
found by approximately 20 % compared to
associated flow for ¢' = 30°. For eccentrically
acting loads the estimated capacity from
Plaxis 2D is approximately 5 % higher for
e/B < 0.25 using the effective foundation area
concept. For larger values of e/B the ap-
proach in EC7-DK NA may be unsafe. The
theoretical bearing capacity factor N, for a
circular foundation has been evaluated. It
appears that the solution provided by Martin
(2004) fits the results of Plaxis 2D. The shape
factor s, for a square foundation has been
found to be larger than given in EC7-DK NA,
however the results cannot generally be veri-
fied by Plaxis 3D analyses. Plaxis 2D can be
used to evaluate the pure y'-case, however a
value of q' = 1.0 kPa must be used to obtain
reliable results. Using q' = 1.0 kPa in Plaxis
3D can be used to evaluate the tendency of s,,
e.g. it increases with L/B. Back-calculating
results from Plaxis 3D with ' = 1.0 kPa has
however not turned out to lead to reliable and
consistent results. The overall conclusion for
the drained y'-case investigated is that EC7-
DK NA and Plaxis will deviate. Mechanisms
for plane strain and circular foundations can
be studied, but Plaxis 3D results for the pure
y'-case appears to represent a challenge and it
is therefore not recommendable to apply
Plaxis 3D for capacity calculations in a pure
y'-case. For practical applications however, a
pure y'-case is rarely encountered.

7 COMBINED DRAINED CAPACITY
The combined capacity of the g'- and y'-case

has been investigated in Banedanmark
(2014).
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The main conclusion are that the results from
Plaxis calculations will include the combina-
tion factor p, which is not a part of EC7-DK
NA, and a larger capacity will thus be found
from Plaxis analyses than using EC7-DK
NA. The p-factor is well-established for the
plane strain case, and comparing results from
EC7-DK NA and Plaxis 2D including the p-
factor leads to identical results.

The p-factor is not established for the 3D
case, so the influence is not easy to directly
isolate. Furthermore the relation between o'y
and ¢'p is not constant or well determined.
Plaxis 3D results will yield a capacity be-
tween the values found from EC7-DK NA
using respectively ¢'p and ¢'s.

8 CONCLUSIONS

When using Plaxis 2D plane strain to investi-
gate the q’- and y'-case independently, the
bearing capacity factors fit well with EC7-
DK NA for vertically acting central loads
using associated flow. For eccentrically act-
ing loads, the effective foundation concept is
confirmed for a relative eccentricity of up to
0.2 to 0.3 depending on the actual case.

The shape factor sq as defined in EC7-DK
NA may be too high for ¢' < 20° and too low
for ¢' > 20°, using a square footing.

The shape factor s, defined in EC7-DK NA is
lower than the value found by compared cir-
cular and square footings using Plaxis 2D and
3D, however small scale testing from de Beer
(1970) supports the approach in EC7-DK
NA. Bearing capacity factors for Ny and N,
are established for circular foundations. Most
authors agree in the value for Ny, but N, ap-
pears to be too high. The results from Martin
(2004) fits well with those values established
using Plaxis 2D. The results from Plaxis 3D
show that the pure y'-case cannot be analysed
and a surcharge must be added. The plane
strain effect with @'y > @'y cannot be investi-
gated in Plaxis 3D as the material models do
not reflect this aspect, so @'y must be used in
Plaxis 3D. The bearing capacity estimated
with ¢’y and EC7-DK NA appears to be
higher than found with Plaxis 3D and ¢'y.
Shape factors are empirical factors and deriv-
ing exact values by the finite element method
will be influenced by the choice between @'p
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and @'y, the p-factor and the element net ap-
plied.

9 FURTHER WORK

The 3D FEM results reveal a challenge when
estimating the capacity for the y'-case. More
work should be undertaken in order to better
understand this issue. It might be the case
that the mesh used in the calculations is sim-
ply not fine enough to reproduce correct re-
sults or that other measures should be under-
taken in order to handle to singularities at the
edge of the foundation.

10 ACKKNOWLEDGEMENTS

The authors are grateful for being allowed to
publish the work by Banedanmark.

11 REFERENCES

Bolton, M.D. & C.K. Lau (1993). Vertical Bearing
Capacity Factors for Circular and Strip Footings on
Mohr-Coulomb Soil, Canadian Geotechnical Journal,
Volume 30, pp. 1024-1033.

Hansen, Bent (1982). Geoteknik og Fundering IlI,
1982, Notat 24, Seerlige problemer.

Brinch Hansen (1970). A Revised and Extended
Formula for Bearing Capacity, Bulletin 28, The Dan-
ish Geotechnical Institute, Copenhagen 1970.

Bgnding, N. (1977). Kinematically Admissibility
of the Pure N, Rupture Figure, Proceedings of the
Ninth International Conference on Soil Mechanics and
Foundation Engineering, 1977, Tokyo.

de Beer, E.E. (1970), Experimental Determination
of Shape Factors and the Bearing Capacity Factors of
Sand, Geotechnique 20, Number 4, 387-411.

DS/EN 1997-1, Eurocode 7: Geotechnical Design—
Part 1: General Rules, Danish National Annex 2013
included.

Kumar, J. & P. Ghosh (2005). Determination of N,
for Rough Circular Footings Using the Method of
Characteristics, Electronic Journal of Geotechnical
Engineering, Paper 2005-0540

Lundgren, H. & K. Mortensen (1953). Determina-
tion by the theory of Plasticity of the bearing capacity
of Continuous Footings on Sand, Proc. 3rd Int. Conf.
Soil Mech., Volume 1, p. 409, Ziirich 1953.

Martin, C.M. (2004). User's Guide, ABC - Analy-
sis of Bearing Capacity, Version 1.0, Department of
Engineering Science, University of Oxford, OUEL
Report No. 2261/03.

Prandtl, L. (1920). Uber die Harte plastischer
Korper, Nachr. D. Ges. D. Wiss.,, math-phys. KI.
Gaottingen 1920.

IGS



