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SYNOPSIS For a vertical rough wall with 0, 1,

2 yield hinges the influence of the failure mode

on the resulting earth pressures is investigated by a test series in the pin model. The model is a
two-dimensional analogue model of sand in plane strain. The test results are compared with theor-
etical predictions using Brinch Hansen's earth pressure theory and the test series further eluci-
dates the stress encountered in rigid bodies on the verge of failure.

1. INTRODUCTION

In the Danish design method for sheet walls the
designer is free to choose the failure mode for
the wall. Every choise will require a combination
of a necessary driving depth, an anchor section
and a wall section. The designer can either op-
timize the complete structure or choose to uti-
lize available sheet sections or tie rods.

The design method is a successful combination of
Brinch Hansen's earth pressure theory (Brinch
Hansen, 1953) and the Danish Code of Practice for
Foundation Engineering. The earth pressure theory
i in essence a limit state design based on the
state of failure. The Code prescribes characteris-
tie values for the dead load of the soil and
strength and deformation parameters to be deter-
mined by a careful estimate based on the rele-
vant measurement results. Design values of loads,
strength and deformation parameters are then
found by multiplying or dividing (whichever
method produces the more adverse values) the
corresponding characteristic values by the re-
spective partial coefficients of safety. (Ana-
lysis of the state of deformation of the struc-
ture performed on the actual state of normal use,
based on actual adverse influences without any
design safety, should be performed separately).

The paper contains a cursory demonstration of
the design method and its versatility, and out-
lines the suggested theoretical earth pressure
distribution behind the wall. It is assumed that
plane strain prevails for the failure problems
in question. The test set up is described in
section 4 paying special attention to the possi-
bility of varying the failure mode.

In section 5 the test results are evaluated and
compared with the theoretical predictions ac-
cording to Brinch Hansen's earth pressure theory.
In particaular the test set-up allows the stress
state encountered in rigid bodies on the verge
of failure to be elucidated.

2. DESIGN METHOD FOR SHEET WALLS

It is important to realize that Brinch Hansen's
earth pressure theory is (1) a theory of rup-

ture, i.e. based on the state of failure and (2)
that it exclusively concerns problems of plane
strain, or problems which may with sufficient ac-
curacy be treated as plane. In the state of fail-
ure elastic deformations are in general negli-
gible in comparison to the plastic deformations
and hence all walls can be considered either com-
pletely rigid or made up of a finite number of
rigid parts connected by yield hinges.

Brinch Hansen's design method offers the designer
a choice of failure mode, i.e. wall section, tie
rod and driving depth can be optimized for the
construction and soil profile in question.

Figure 1 shows different failure modes for an
anchored sheet wall:

(a) the wall rotates about the level of anchorage

(b) the wall rotates about a point near the foot
due to failing anchor

(c) one yield hinge is developed, above which
the wall rotates about the point of anchorage
and the part below either rotates or trans-
lates

(e) simultaneous yielding in the wall and fail-
ing of the anchor

(f) two yield hinges develop dividing the wall
in three rigid parts the bottom one of which
are fixed in the soil.

The consequences of different designs in terms
of resulting maximum moment in the wall, M, an-
chor pull, 4, and driving depth h2 appear from

Fig.:1 Designers choice of failure mode for anchored
sheet pile wall.
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Fig.2: Example of design values for an anchored sheet pile
wall in sand (see also Harremoé&s et al, 1975).

Fig.2. The sheet pile wall is retaining 10 metres
of homogeneous sand with a tr1ax1ally measured
angle of internal friction @ =31%6. The corre-
pondlng characteristic value is ¢ =1.17 «x
3196 = 3477 as the plane strain frlCthg angle is
appr.10 % higher than found in triaxial com-
pression. The design value ¢ 6 is then found, by
division with the partial coeff1c1ent fo=1.2,
as ¢, =atan ((tan wk)/1 2) =30°. For thé self-
welght of the sand the partial coefficient is
fy =1. The most ecconomical design (in terms of
necessary weight of steel) for the wall inFig.2
would be failure mode (d) with one yield hinge.
However, if certain wall sections or tie rods
have to be used for other reasons (availability
etc.), the versatility of the design method ob-
viously allows this.

3. EARTH PRESSURE DISTRIBUTION

As the wall - independent of failure mode - con-
sist of a number of rigid parts, the earth
pressure problem of Fig.3 is the key to the
earth pressure distribution. Brinch Hansen in-
vestigated the total earth pressure, normal and
tangential components Z and F and the point of
application tk from the foot of the wall. The
wall part is rotating about an axis pk above the
foot of the wall. The types of statically ad-
missible rupture figures applied are shown in
Fig.4. This basic problem has been investigated
experimentally and in general the theory was
validated (Steenfelt, 1975, 1979b; Hansen & Steerr
felt, 1976).

However, the earth pressure distribution does
not immediately emerge from the calculations.
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Fig.3: Basic earth pressure
problem.

Fig.4: Types of composite
rupture figures.

The soil close to the wall is generally in the
elastic state and the unit pressure acting on
the wall can only be calculated at points where
a rupture line meets the wall.

As a consequence Brinch Hansen suggested a very
simple and plausible construction of an earth
pressure diagram along the wall as shown in Fig.5.
The basic requirement is that in the limiting
cases of passive and active zone rupture (when
the earth pressure distribution canbe directly
calculated) the correct pressure distribution
must be obtained. Further the resultant of the
carth pressuredistribution must equalize the
calculated total earth pressure acting on the
wall. This leaves two variables.

7
f—— T —

Fig.5: Construction of earth pressure diagram.

A pressure jump is introduced at a height
over the foot. Above this point, as a rule,
there is passive or active earthpressure e¢% cor-
responding to the movement of the wall (posi-
tive or negative rotation). Below the pressure
jump the pressure is e¥, i.e. the second free
parameter. Both e¢® and e¥ are given by straight
lines at different slopes from the same origo.

When the wall consists of more than one part,
special (but still simple) rules are developed
for the earth pressure distribution across the
joining yield hinges.

For all relevant values of p and ¢ the values of
£, ¢T and ¢¥ can be found graphically in Lund-
gren & Brinch Hansen (1958).

4 TEST SET-UP AND TEST RESULTS

The DGI pin model is described in detail by
Steenfelt (1975, 1979 a,b). In order to facili-
tate the necessary (large) number of readings of
forces and displacements the model has been equip-
ped with force transducers and linear voltage
displacement transducers (Sander, 1979). All
readings are directly stored on magnetic tape
for later processing.

The present test set-up appears fromFig.6.(Also
shown is a recorded displacement field).The wall com
sists of two separate rigid vertical roughwalls of
500 and 300 mm heights respectively.The movements of
the two wall parts can be controlled independent-
ly by a system of horizontal and vertical sup-
ports (containing force transducers).

Using a total wall height of 700 mm with the
level of anchorage at the surface this allows
test with yleld hinges (max.moment and hence no



4/56

T me lh [ 5le [ T % Naml j
- - I (r‘ ?,) L ' l LIy | Faliure mode
2 ‘
Theary TRR T I
WT 1.06 ] 1 SR T
Theory ‘ " . " 1
WT 1.01 ‘ ! .“ e L) : &2 ‘ S
3 [ e | <oaa ‘ PER IR T
1los ‘0 i -3 ',‘ :
| WT 51.09 ‘ t " i) 2 7
: >t | =5 ) i :
2 L1} .4 -4 26
‘ ] ] 194 “ 3 0
‘ 6 “ 3 ;
14 154 ) 53 ‘ -8
g | =3 |t | e ‘ * ] reew
NERT Y] TARE -1 bl
“ » lure node correspondlng to COLALION ABOAE ANCROF § Vit cels
- wtwosn the ton well parts of haigh ’
Test: No. 4 - iy ¢ &g Reference pailure mode
(mm) 4:/5‘1;‘ (P/E) (ﬂ‘v”-'.l) %
Theory - 42 .41 -.38 25 - Brinch Hansen,
and B inch Han]
i . - i i s 1958 -z
Fig.6: Test set-up and example of displacement field. = s o P o ) :::mm'ms T /
1979 n 7l
transversal forces) positioned either 300 or e aoo 29 Az | 28 - [Present work / e
. |
500 m above the foot of the wall. 4 499 4 A3 | -3 ] 27 = .
gz §28 46 .46 -.41 +25 - .
. . . . 46 .45 - 25 =
Fig.7 shows the investigated failure modes with o7 230 T o ] et | SR e
corresponding theoretical earth pressure dia- WT 1.06-08 | 200 + 500 47 .45 -.35 .26 -1 |Hansson, 1980 T f e
grams, i.e. development of 0, 1 and 2 yield hinges :;f;fzxij . s [all] 22 =%, [Hbnasdn; 1969 /
< . +09- + 3 -.40 .27 -4 e L 2
correspondlng to the modes (a), (d) and (f), Fig.1. WT 51.13-16| 400 + 300 .48 .46 -.39 .26 -9 p::::z ::r: ‘ f :77[
WT 51.17-19| 400 + 300 .47 .44 -.40 .26 +11 Present work k1 ," j
Table II: Test results corresponding to rotation of rigid wall about anchor point. B
12
v
1
II
,’I F, . . tan b 2 | tan ‘v; " Failure mode
(] ¥ £ 1w fowm) { E. work
! gt
/ " ' . x
: eory ' ) NET . v :
1 e 2,08 > « 4R e _b’ =3
on " - e | 21 > "R
I / 7 y = Theary o0 | 10% " 24| 138 o 1 A
! / / et e : i : $3=2
.1‘ / \i 124 " "y @ A L‘
[ | X X X
| =E { Y e g
| ! X \ X
I | L I}
2 @3 4
Test No. " By | omy | tan Sy, ] Ry | E 2 | tan by ¥ Failure mode
Fig.7: Investigated failure modes and theoretical earth [ma] | (#1 (£ /B Himml | (8] tam] | tP,/E, )] twork)
Pressure diStribUtions' Theory 400 112 157 -.38 300 217 134 =-.38 .35 ""—'A
PR N PR WT 1.01 165 | 178 [ -.39 192 [ 138 | -.35 .35 Ih' ":E!Z‘LE'
Further, the division of the wall in rigid parts 02 167 | 178 | -.36 198 | 130 | .36 | .16 et [
(in accordance with theoretical assumptions) 04 161 178 | .39 el IR LM oS e Ry e T inge
allows the garth pressure in rigid bodies on ﬁhe = = PO PN e | O =5 ot s [y,
verge of failure an@ in zone ruptgres to be elu- ol N R O W ] - | ¥ e
cidated (corresponding to the basic 4 and P rup- 07 3] 01 | - 2] 212 | -.35 | e Py
ture figures, Fig.4). A number of tests were a8 sef 102 | -3 205 | 218 | .40 | .40
carried out with failure mode (1) Fig.7 accom- e =
panied by a small relative rotation of the two Theory | 400 | 112157 | -.38 || 300 ) 217 ) 134 .38 ] .20 ™ A
- - fi~-
wall parts. Finally, a number of tests were o L) E::x o 200 ﬁ::x e j: ‘Nﬁrfg
carried out with just one wall part rotating o0 o || P 220 | 123 | -.38 | .2 4 —
about the anchor point to assess the influence £ yield hinges
of possible scale effects due to the relatively Theory | 200 | 28| 79| -.38 |00 | 297 200 | -.38 [ .17 o e
small size of the wall parts (collate Steenfelt, WT 4.06 38| 104 | - 317 {194 | -.35 ] .18 S
1977) 07 40 110 -.38 312 196 -.33 A7 l"l q
¢ L] 37 102 =-.41 321 194 -.38 .18
Tables I-IV summarize the obtained test results. S yiald hinges

Note that the test set-up only allows the total
earth pressures E;, E, and F,, F, and their
points of application®z,, z, to be defined for
the two wall parts. For an overall comparison
with the theory the dimension less work W
(Eq8y +E28,) /3Yh* §  has been defined, where
8§, 83 are th hori%®htal movement of the wall
parts at the point of application of E\s E, and

Table IV: Teat results far failure modes corresponding to one

or twoyield hinges.

§ is the maximum horizontal movement of the

mazx
wail.

It must be borne in mind,

though, that the

work (W) would be different in a real design si-
tuation where the work of the passive earth

pressures acting on the front of the wall would
contribute.
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5 EVALUATION OF TEST RESULTS

In evaluating the test results it is important
to realize that the model tests do not model any
prototype wall. We are modelling calculation
models and use a rather simplified model of a
very complex material. The emphasis should there-
fore be on qualitative rather than quantitative
results.

In general the test results are consistent and
reproducible with little scatter. The accuracy
of the force transducers is ~t 5N and the maxi-
mum observed scatter on E, and E2 is ~10N., As
the values of the tangentlal forées F, and F,
are smaller by a factor of app.0.4 thé scatter
on F/E=tan §_ (the mobilized wall friction at
failure) must be expected to be significantly
higher. The observed scatter correspond to an
uncertainty of 1° - 2° in the wall friction angle
8§, (6_=-lwl =-21° theoretically for the con-
slderdd failure modes). Finally, the scatter
on the observed values of 3, and z, (points of
application) is always less than 5'mm.

In the following the test results for the differ-
ent failure modes of Fig.7 will be evaluated.
The internal anq}e of friction for the pin ma-
terial is ¢ ~217.

As it is difficult to obtain exactly the desired
gearing of the spindles displacing the wall parts,
negative values of the relative rotation A0 be-
tween the wall parts resulted. However, inTests
WT 51.17-19 a value of A® ~ 11 % was obtained.
There is no significant difference between test
results with varying values of A@. Further,
there is no significant difference between re-
sults obtained with one and two wall parts when
the overall earth pressures are considered, and
no scale effect is discovered. Based on the total
work there is good agreement between test and
theory but the theoretical earth pressure di-
stribution underestimate the earth pressure om the
top part of the wall. It would seem that the
values of £ and e*(compare Fig.5) should be lower.

A more sophisticated and complicated calculation
using a trumpet zone (as applied by Steenfelt
1979c to undrained failure in clay) instead of
a line rupture would probably give better agree-
ment.

There 1s good agreement between the theoretical
values corresponding to a complex zone rupture
and the test results, although the point of ap-
plication for the total earth pressure seem to
be above the theoretical value of £=0.33.

There is no difference between results obtained
with one rigid wall and the present two part
wall.

In general the agreement between theory and test
results is very encouraging. There is onlyminor
differences for the bottom part of the wall but
for the top part the earth pressure is under-
estimated by the theory. In contrast to the
tests with failure mode (1) - i.e. the samewall
movement as for the top part of the wall here -
the point of application is higher than pre-
dicted which means that the values of £ and e%
in Fig.5 should both be higher.
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It would thus seem that the anchor force (4) is
somewhat underestimated by the theory whereas
the yield moment is correct.

In the failure mode with two yield hinges there
is a reduction in the earth pressure on the top
part compared to the failure mode with one yield
hinge, although the earth pressure on the top
part of the wall according to the theory should
be independent of the bottom part.

6. CONCLUSIONS

Brinch Hansen's earth pressure theory has been
investigated by a test series in the pin model
with a vertical rough two-piece wall applying

failure modes with 0, 1 or 2 yield hinges.

The test results are consistent and show little
scatter. In comparing the work carried out by
the earth pressures there is a striking simila-
rity between theory and test results.

In general, there is good agreement between
theory and test results for failure modes with

1 or 2 yield hinges. However, the earth pressures
over the yield hinge are not independent of the
eath pressures below, as assumed theoritically,
and are further underestimated by the theory.

The largest discrepancies are found for a wall
rotating about the anchor point where the an-
chor force is underestimated by 20 - 30 %. The
earth pressure distribution in the rigid body
in contact with the wall is independent of minor
changes in the curvature of the wall bringing it
on the verge of failure.
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