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Abstract The claydls are being produced in open-pit mining. The stress state in the stiff lumps of
the claydls is signi=zantly lower than in situ level. As a result, their current states lie on the dry
side of the critical state. The linear Hvorslev surface is widely used due to its simpiicand capabil-

ity to model the limit stress condition of soils on the dry side. However, it may overestimatthe
strength at very low stress level. For this purpose, a series of drained triaxial tests were performed
on a silty clay at very small stress levels. The failure points of the tested soil cam a nonlinear
relationship in plane on the dry side of the critical state. The degree of nonlinearity increases
after being normalized by the Hvorslev equivalent pressure, which can be well modeled by am
linear power law criterion proposed by Atkinson (Geotechnique 57(2):127135, 2007). Based on
the test data and the critical state concept, a new failure line is proposed with help of the equivalent
Hvorslev pressure. The nonlinear Hvorslev surface is then incorporated into an elastoplastic mad
and a hypoplastic model. Comparisons between the experimental data and simulations reveal that
the proposed models can well represent the behavior observed in the laboratory.

Keywords: Elastoplastic model, Hvorslev surface, Hypoplastic model, Overconsolidated soils

1 Introduction

Natural soils usually experienced a surrounding stress level higher than the current value. This may
originate from, e.g., erosion of the surface sedimentary layer, excavation of the covering soils (in
open-pit mining) or the changes in groundwater level [6, 7, 12, 19]. Consequently, they have lower
void ratio and higher shear strength than the corresponding normally consolidated soilsofe cru-
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cial engineering issues are associated with the behavior of these natural stiff clays, efghization
of excavated slope, settlement of the deep foundation.

The mechanical behavior of overconsolidated clays was investigated by many reseansheboth
experimentally and theoretically. Some early laboratory works [11, 17] revealed that the strength
and pore water pressure (undrained tests) or volumetric deformation drained tests were
signi ccantly affected by the consolidation history. Under drained conditions, the heavily overne
solidated soils may show a peak strength and strain softening afterwards. A failure processalso
be observed in undrained triaxial tests accompanied by shear localization [4]. Hvorslev [17] et a
direct shear box to investigate the shear strength of overconsolidated soils. The failure ddtar
overconsolidated soils can be adequately approximated by a linear relationship in the" Btress
plane (L s the effective mean stress andvs the deviatoric stress). This
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linear relationship was implemented in the constitutive models by several researchers [27, 34, 39].

However, some recent works [1, 10] show that a linear line cannott the peak strength of the hig-

ly overconsolidated clays accurately, especially at the low stress level. For this reason, curveddine
have been used to represent the peak strength on the dry side of the critical state [36, 38]. Howe
er, these models for the dry side are relatively complicated, which may limit their application.

Natural stiff clays usually possess some degree of interparticle bonding and cementation dwgithe
deposition history in the geological history. For simplicity, the interparticle bondings excluded in
this study, and only the overconsolidation related to void ratio is analyzed. In this study, a seriet
triaxial tests are presented for a silty clay with various consolidation ratios. More attention is paid
to the small stress level range, which is comparable, e.g., with the stress state close to the sarfdc
deep excavations. Based on the test results, a nonlinear power law criterion [1] will be used for the
basis of the model together with the critical state concept [28, 29].

2 Laboratory investigations

2.1 Material and test procedures

The soil used in this study is a silty clay. It was taken from a highway suilsin Dresden. The basic

physical properties are given in Table 1. The organic content is 2.0 %. The origimahterial was

o”e— o8ttt ™—S ™ f _gidied ¢Hrough Biemesh opening of 0.425 mm to exclude coarse

grains from the natural soil. Due to a high initial™ f —3” ...'e—fe— ‘° —St eZ—"">& —St ‘<
posed to air for a period of time until it reached the desired value (1.5 times the liquid limit).
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The slurry was poured into a consolidometer (with a diameter of 3.8 cm) and then consdéited to
80 kPa by gradually adding slotted weights on the weight hanger. The duration of each load &cr
ment was 2 4 days. After being fully consolidated, the specimens were extruded out from thereo
solidometer and trimmed into 7.6-cm height. It should be noted that the slurry forhe isotropic
consolidation test and triaxial test was prepared at the same water content, since the initial water

Lte—Fe— Sfe f ecHBachrefE—e —SE e’ Feecte fot oS tefonstittittd aysS ° S+
[15, 16, 32].
Density of particles fga’cm‘} Liquid limit (%) Plastic limit (%) Clay (%) Silt (%) Sand (%) Gravel
2.62 34.0 17.5 20 70 9 1
Table 1: Basic physical properties of the tested silty clay

Three types of triaxial tests were conducted: (1) undrained triaxial tests for normally consolidated

clay; (2) load-controlled tests in the lightly overconsolidated stress range; (3) mixed-controlled

(stress controlled and displacement controlled) tests in the heavily overconsolidated stressnge.

TSt ""ftfaeft o—"Fee 'f-Se *° aRishewn.ineFig.-L(lefth S+ efe’Zte ™I"f o”e
isotropically consolidated to 800 kPa and subsequently unloaded to the prescribed cell pressure.

The following triaxial stress path is composed by two parts, a conventional drained triged stress

path :% L u followed by a stress path with a constant axial force acting on the loading cap (load
controlled tests). A decrease ofL"was achieved by increasing the back pressure with a given rate.

The decrease ofMvas related to the increase in the cross-sectional area of tested samples.

<Go—"F s "<%S— +S'™s _St ' itioethird ¢ypet Akter peidyeunidadesiito the
desired cell pressure, linear stress paths with increasing or decreasing ‘were followed. In this
way, the soil could be tested at a relatively low stress level. These types of testsre performed
under mixed-controlled conditions. The samples were compressed along the axial direction with a
constant shear velocity (displacement controlled), and the radial pressure was adjusted to meet the

"tttioeft o—71¢stresg-e@ntrolled). A LabVIEW program was used to keep a constant stress

: . .ba . . . :
increment ratio —; during the tests. The cell pressure decreased (or increased) with an increase

b’
in the axial force acting at the loading cap. For more details of the LabVIEW program, see [3, 33].
Similar test program was used by Atkinson [1] to identify the failure points of deavily overconsd-

idated soil.

2.2 Test results and analysis

"—f" ———f"81Zt w4 -8t «efZ ..exprebsedasiiZ et .. fe 1
Inv=N*— A" In(p'/p;) @)
where L L s« fis the reference stress,0corresponds to tht Z'%f"<-Sec.. "fZ—% 7 -8§%

volume at a reference stress of L, L s+ f, and &is the slope of the normal compression line in a
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double logarithmic R F lplane (R, 1<% —St «'t..<co... "*Z—et & St . lidedan ‘et cs%o
be represented as:

Inv=N*=A"In(p . /p.) +x"In(p./p
(P./p:) (P./P) 2)
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Fig. 2 Stress paths and the failure points of the triaxial tests: type-2

where Lyis the maximum consolidation pressure andalis the slope of the swelling line in
Z R FZ 4L plane.

The experimental stress paths of the second type of triaxial tests are shown in Fig. 2 (thtest data
are provided with the consolidation pressure of 200 kPa). The stress path can be divided into three
possible stages: it initially follows the conventional triaxial stress path to aertain stress state, then
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the deviatoric stress shows a decrease induced by an increase in the back pressure (the axialefor
remains constant). Finally, the deviatoric stress decreases and tends toward the critical state line.

The mobilized friction angle is used to determine thee ="t ¢ %o —S *~ —St ¢'<Z& — <o tfoett f

. (o] — d
b = arcsm( } :)
o+ a3/, 3

An

where ézand & 7are the major and minor principal stresses, respectively. The failure points cay
spond to the maximum mobilized friction angle, and they are plotted in the."F Mplane. Since the
samples in Fig. 2 were not heavily overconsolidated, an approximately linear relationship between
Land Mcan be observed in the tested stress range. This type of failure surface was widely used for
overconsolidated soils (e.g., [27, 39]).

120
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Fig. 3 Stress paths and the failure points of the triaxial tests: type-3

Figure 3 shows the stress paths of the four triaxial tests of type-3 (OC-50kPa-1,-8&Pa-2, and
OG50kPa-3 were preconsolidated at 800 kPa, and OC-50kPa-4 has a preconsolidation pressure of
200 kPa). The failure points are also presented at the state of maximum mobilized friction angle. To
<o Z—1Ttt —St «ea—fe . 1 &5t datd carf be rormalized by the Hvorslev equivalent
pressure L z[17] considering:

B = (N"‘ --_]nv,_-)
“ (4)

where RjL RI3!FYg <o =St o'f...ca... ~*Z—e«ipofntobt&nied ffonZ the'dorrespord-
ing volumetric strain ¥4, and R, is the initial void ratio of samples. The failure points at the norma
ized stress plane are shown in Fig. 4. It can be seen that all data follow a uniqueve representing
a nonlinear relationship between L L%and M lg"
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3 Double logarithmic Hvorslev surface

After Hvorslev [17], the failure envelope of overconsolidated soils can be represented as a straight
line. However, this gives satisfactory results only for soils with lowrsd

Shi, X. S.1, Herle, I. 1, Bergholz, Knonlinear Hvorslev surface for highly overconsolidated soils:
elastoplastic and hypoplastic implementations
Acta Geotechnica (2017), S. 810-822.
S. 812

1.0

Failure p'cinls [6)
Critical states @ : o @
o .
20 i
= | :O |
04 Q
o
0.2} 6D -
0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Plpe

Fig. 4 Normalization of failure points by the Hvorslev equivalent pressure

q/P*| Hvorslev surface MCC surface
e
-~ =
-~ S
| - -~
g s
-~ ~
- 4 e .
- Critical state \
~ A
/ \
1
1 -
[/
pIp

Fig. 5 Schematicgure for the revised Hvorslev surface within the critical state concept

intermediate overconsolidation ratios. Atkinson [1] performed series of triaxial tests on kaolin clay
and observed that the linear relationship might overestimate the strength at a low stress levdlhis
is conmed by the test results in this study. Atkinson [1] proposed two methods that caider the

consolidation history (see also [2]). The simpler one is adopted hereit is a linear relationship in

double logarithmic plot betweena—""@and =

af’
Py B
q - = P

: ®)
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Where / is a strength parameter demning the critical state line, Uand Uare model parameters
which are not independent. Note that the normalization pressurel Yadopted in this study, see Eq.
(4), is different from that used by Atkinson [1].

As shown in Fig. 5, the revised Hvorslev surface meets the yield surface of the mwdi Cam clay
model at the critical state, M 4L /L 5 q(the subscript cs termed as the critical state). Thus, Eq. (5)
can be simpliced as:

1 (1-4)
(3
(6)

Lagbeing relatedto R ' F...<m... 7F Z—+«1 f state§ dccording ta thg Zritical state line:

] ()

where Acontrols the position of the critical state line, corresponding to the logarithmiwalue of the
't ... yolume at a reference stress of 1 kPa. Note th&in Eq. (4) is the same af @t the critical
state. Combining Egs. (6), (4), and (7), one obtains:

(8)

In usual elasto-plastic models, the position of the criticale — f —f Z<et <o o—"m ... <te—-7> tiaoe
yield surface on the wet side, e.g., the following expression holds forthé t <ot feo ...Zf> o*t+Z4

v £ "k * )
I N {J‘. K )Iﬂ_ (9)

Using Eq. (2), the Hvorslev equivalent pressure can also be expressed as a function ofptieeon-
solidation pressure L dand the current effective mean stressL:"

1 FER B ol i BT o
’]

Pe =P I (10)

Substitution of Egs. (8) (10) into Eqg. (5), one gets the yield surface on the dry side (assuming that
the yield surface is consistent with the Hvorslev surface). Logarithmic form is usdgkre for its rep-
resentation:

M
B K* X jri8
(11)

— .fe .1 ette —Sf- —-St et Hvbrstev.gurdace isa rathdr simple equation
compared with some other published models [36, 38]. The peak strength of reconstituted soils-r
sults from the interlocking between the soil aggregates [35]. Therefore, in the classical critical

ln(‘—f) : {,ﬁ f ':—{l : {)’)J Inp'
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state models (e.qg., [26, 27]), the zero-tension line is incorporated into the state boundary surface to
avoid the 17...*Stec'eii £°"f...— uréa us rdodel, th& dorlintartpardnteter Ufor the re-
constituted soil is calibrated from the real experimental data, which are consistent with the@o-
tension assumption.

4 Elastoplastic model

4.1 Elastic behavior

Within the framework of elasto-plasticity, the deformations are recoverable within the current
yield surface. The elastic volumetric strain increment can be derived from the sweily line in
Z L"F Z Rrelationship:
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. L dp'
dey, = K" —
p (12)
The elastic deviatoric strain increment can be expressed as:
. 2(1+v) _dg
B S
STo(l-2v) P (13)

wherev <o —St  ‘cesteie "f_c'}

4.2 The yield and plastic potential surfaces

Equation (s ™ fe t37<"t1 ~7'e —S1t «'1mddel, iff whichZlfe effective mean stress at
the apex of the ellipse (critical state) is half of the preconsolidation pressuré ;on the L ‘axis. A
%otet”fZcoef—<'s '~ C&Mclaymaedtliwas proposed by McDowell and Hau [24]:

. , M* (p % 2 MYp”
fe=q 4 —k(—) . =Y (k#1)

: (14)

where B Tfe'—fe —SF tioec—c'e *° —St >« Wétisiceof Criticalistate, ai controls
the shape of the><fZt o«—""f .. 14 ,"<'—eZ>4 —S1t ' fcomdsponde tok Z¥in thet 7
generalized mockl.

The test results from CU triaxial tests on the normally consolidated soil are prested in R F plot
(Fig. 6). The normal compression line and the critical state lines, using three valuexdfL.6, 1.8 and

-8-
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2.0), are also plotted in Fig. 6. It can be seen that the model with ks z @ — dateSobtter than the
e—fetft o'ttt feo . (E53.08! Inthe sequel, Eq. (14) with k = 1:8 will be

CU:100kPa =

CU:200kPa e

CU: 400 kPa ;
NCL ——

CSLEk=1_G —

CSLi k=1.a§ :

CSL(k=2.0) ——

v=1+e

100

p /kPa
Fig. 6 Test data (CU tests) of the normally consolidated soil and the critical state lines

used for the yield surface on the wet side of the critical state. Consequently, thedtion of the criti-
cal state line [Eq. (9)] should be adjusted as follows:

I—N*=—(* —x*)In¢ (15)

K
% __zink (16)

Iné =

Considering Egs. (5), (8), (10), and (15), the Hvorslev surface with Eq. (11) is revised as:

fo=n() - {ﬂ : ’}:::1 -m} Inp/
: (1 i—)[l ﬁ}m("_’—}) ~0
. ¢ (17)

Herewith, Eqgs. (14) and (17) are the yield surfaces on the wet and dry side, respectively.

Regarding the plastic potential function, the disadvar f %o fe ‘~ —Sf fee‘ .. «f—-ftT &™ »_7
cussed by Potts and Zdravkovic [27]: (1) it overestimates the shear dilatancy on the drigs; (2) a
discontinuity for direction of e—"fce <o, . "fefoe—o f"coefed o'efee’  averchmeén " —7 %
above shortcomings [34, 36]. In this study—S1 fee'...<f—11 @™ " 7% ™fe ottt ‘o _¢
G L B, whereas, on the dry side, the norf-+«" ... < f — Fwa$ u¥&d. The plastic potential function

on the dry side is expressed as:

12

M (PN M
eu=q ﬁ(—) P —T—g=0 k#1)
p. : (18)

4 For the soil tested in this study, the effect of one-dimeral preconsolidation (80 kPa) may affect the volumetrideformation at low
conming stress levels (e.g., 100 and 200 kPa). In this case, thedineed Cam clay model 8k % 2:0b may perform satisfactorily on the wet
side. Howeverk is further considered for a 2exible adjustment of the critical state line, which may be agntageous for other soils.

-9-
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4.3 Hardening parameter

The hardening (softening) behavior is supposed to be isotropic and controlled by the preesolida-
tion pressure L@, which corresponds to the intersection between the yield surface (on the wet
side) and the L xis. Hence L gis a function of the plastic volumetric strain¥:

d‘p’ — P:' d:.-[’ —_ Pi = Ef

AA—x 7 -ty (19)

where d Bs the scalar multiplier. Note that a linear relationship is assumed in the doublegarith-
mic plot ,t—™1tfe o't . <ovand'effective mean stresd ."The hardening (softening) parane-
ter H is expressed as:

H = - Liﬁ-dp’; (i=w.d)

w § ¢ J

dl_, Opc (20)

From Egs. (14), (17), (19), and (20), it follows:

aMp. (M 2" (12) o\ (1)
A0 1
(A7 —x*) 4 1)

on the wet side of the critical state and
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2(1 — f) (M!;fl ql)

H = e
Akp (22)

on the dry side of the critical state. The standard elastoplastic matrif¢p] requires the differentia-
tion of the stress components, which can be calculated from Eqgs. (14) and (17) and the chain rule.

5 Hypoplastic model

In classical elastoplastic models, the soil behavior is divided into two regimes (etasand elasb-

plastic). Thesee‘t+Ze Sf~"F —St "“ZZ ™ce% *S'"— .. ‘ece@hoelasticszoneSstprbfoec—c e
lematic, especially for clayey soils; (2) in numerical calculations, the relative laton of stress state

and current yield surface should be checked in each incremental step, which ieases its con-

plexty. Hypoplastic model can avoid the mentioned disadvantages. Early hypoplastic models were
developed for grandar materials (e.g., [9, 13, 18, 37]). In recent years, some hypoplastic models
™t ' tet + “‘gramed soils (e.g., [14, 20, 25)).

-10 -
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f aa A1, 22] proposed a framework which incorporated an asymptotic state boundary surface of
an arbitrary *"ftfaeft eSf'F o= f Sy’ Zfe—c... o tlbgadthmicHSersleWsu-a —S
face in Sect. 3 can be incorporateds—‘ —St S>''Zfe—<... o'ttZa ‘e'f"tt CMm-S -St
clay model, the hypoplastic Cam clay model [21] can predict (1) a nonlinear response insithe
asymptotic state boundary surface (denoted as ASBS in the sequel) with gradually decreasstiff-
ness and (2) a lower peak strength at the overconsolidated state than the elastoplastic Cam clay
'tfZa ‘™M1 374 —St +—"Fe%-S estimated frefer%o the mofleeXaluation in the
next section). Thce <o =St . ‘eef“—tfe  t 7 —Sfellipge) blothe ASBS.flhithe follo-
<*%od [ 't <o . the-hypoplastic Cam clay model is proposed by incorporating the logarithmic
Hvorslev surface.

5.1 5.1 Basic hypoplastic formulation
The rate formulation of hypoplastic models can be characterized by the following equation [9]:
day = f (L = dew + fuNy || dew ||) (23)

where 1 &and dR are the stress and strain rate tensors, respectivelylggs a barotropy factor cam-

—" 7 7<*% —S 1ot meanstresstandBSs a pyknotropy factor, which incorporates the overco-
solidation effect, Ly and N; are the fourth- and second-order constitutive tensors, respectively.

As shown by f aaAnd Herle [23], the asymptotic state boundary surface (ASBS) can be found for
any formulation of the hypoplastic models. In the iq plane, the ASBS crosses theiaxis at pi
ttoett feo —St ecoet ‘“studydpiis us&kas the normalization stress&p L &L & Dif-
ferentiation of the stress tensor follows:

doij _ %ij 4./

dé;; =
4 1 2
Pe P

c

(24)

L 4can be derived from Eq. (2):

dpl. = _Pe de, — r{“dif
£ A=K ' (25)

The stress (strain) invariants were used in Eq. (25):% @f;@nd L7L &;gu Combination of Egs.
(23) (25) leads to:

; _.
(i = daa +oNy | d )

i ( de’)
- "_87‘] d;:r K 7
pL(A” — &) P (26)

Note that Eq. (26) is different from that derived by f amA421], since he used the Hvorslev equar
lent pressure [Eg. (4)] as the normalization stress. Analogously to the derivation procedures after

du‘.'}”' ==

-11 -
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Ma am A21], assuming the ASBS changes only in size during asymptotic stretapin.e., T &L ra @v
can be eliminated. Finally, the hypoplastic model can be expressed as:

= f;
day = fLgu - dey — Zfd Ajjy | & |l

1 || 27)

where BSis the value of B&orresponding to the ASBS, and ¥ ds the asymptotic strain rate -
pending on the stress state. The parameters in Eq. (27) follow from:

O i

J P

J;-U = /f LuH v e ()kn’
A K

(28)
£ =
(= (29)
v .
Lijy = Lijy + T—Dy 0ij ® Ot (30)

where T denotes the tensor product, and(, 4s Kroe 1 ... « isymbol. If L r, Egs. (27) (29) are
identical to  f amAshypoplastic Cam clay model. In this case, the size of the ASBS corresponds to
the Hvorslev equivalent pressure.

5.2 Incorporation of the logarithmic Hvorslev surface

The pyknotropy factor BSn Eq. (27) governs the nonlinear behavior inside the state boundary su
face. Similarly tothet tmec—<‘e  n [F0k A

Shi, X. S.1, Herle, 1. 1, Bergholz, Knonlinear Hvorslev surface for highly overconsolidated soils:
elastoplastic and hypoplastic implementations
Acta Geotechnica (2017), S. 810-822.
S. 815
-

d ’

Pe (31)

where acontrols the shape of the ASBS on the wet side [see Eq. (14)]. The pyknotropy factor
satis res the following conditions: f=0for L" L and fy = 1 at the critical state.

In the L"F Mplane, the ASBS is divided into two parts: the logarithmic Hvorslev surface [Eq. (17)]
on the dry side and the surface of the generalized modéd Cam clay model on the wet side [Eq.

(14)]. é@"(the value of B@t the ASBS) can be derived from Egs. (14), (17), and (31):

f‘-\ = E fwz j!i.‘j- (l ) ;\] K/ (2=28)
o M2

on the wet side, and

(32)
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A M 1/(1=f—w" (1-)/2")
=3
(33)

on the dry side of the critical state.

The asymptotic strain-rate direction is assumed to be normal to the potential surfaag of the elas-

toplastic model (Sect. 3):

dey %%
= |

[l degy | || 0o |l

_ Yks;/p' — 2(M* — 17)dy
|| ksii/p' — 2(M?* — n?)d; || (34)

where B L M is the stress ratio, andQ L &;+F L "gds the deviatoric stress tensor.

The barotropy factor %&an be derived from the isotropic form of Eq. (27). Applying algebraic an
nipulation, one obtains:

o OB, (Jﬁ , L) 12
TR RN AT e 14y (35)
Equations 27) (35) give a complete formulation of the hypoplastic model. Note that the value diﬁ§
at the ASBS is characterized by different equations for the dry [ER3J)] and wet side [Eq. 82)].

6 Analysis of the model and its evaluation

6.1 Model parameters

Both proposed models, elastoplastic one and the hypoplastic one, have seven constitutive pagam
ters, i.e.,M, N*, I*, ¥, v, kand > Five of them are analog to those in the modified Cam clay model
[28]: the strength parameterM can be calculated from the strength data ohormally consolidated
soils; N* and H define the Normal Compression Line in the v In p compression plane, H, is the
slope of the swelling line in double logarithmic plot.

The parameterk defines the shape of the SBS for the elasto-plastic model (or ASBS for thedayp
plastic model) on the wet side. Its influence will not be investigated in this study,rse it was ara-
lyzed by McDowell and HauZ4]. The potential surface also depends ok. A new parameter >was

introduced to consider the nonlinearity of the SBS(or ASBS) on the dry sideig%% ng plane. The

Hvorslev surface is affected also by/ |. Figure7 shows the evolution of the SBS (or ASBS) on the
dry side with different values of B/ | and > The following values were employed in the calcat
tions: M =1 andk = 2 (both the modified Cam clay model and hypoplastic Cam clay model). In the

-13-
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first case, four different valuesof B/ I* (0.1, 0.3, 0.5, and 1.0) were adopted, ane= 0.7 was fixed.
For the analysis of> B/ 1=0.3 was fixed, and four different values (0.5, 0.6, 0.7, and 1.0) wereneo
sidered.

It can be seen in FigZ that both factors have significant influence on the SBS (or ASBS). The degree
of nonlinearity decreases with the increase of> The value of B/ I* determines the location of the
critical state in terms of

é—ag F;aou relationship. For#/ | =1 or >=1, the model corresponds to the yield
b

surface of the Drucker Prager model

6.2 Analysis of the models

In this section, the proposed elastoplastic and hypoplastic models will be compared with others
formulations, including the modified Cam clay model and f aa Aypoplastic Cam clay modél The
differences between those models will be analyzed. The material parameters used for the proposed
o't Ze f7F "tete—Ft <o fLZF tA ‘ceetele "f_c' <o =S o' tiZet lf | f
method. To predict comparable stiffness within the semi-elastic regime, the hypoplasticodel and

(RN

FZ2fe—"Zfe—c.. 112 SfTF T e TfZ—Fe 0 tcesteie Tfoot fRE Eetce

other model parameters (elastoplastic modely=0.2 and the hypoplastic modely=0.3).

Both the modified Cam clay model and f aa Ahypoplastic Cam clay model have five parameters:
M, N* I*, , and v. Their values also correspond to Table 2. The preconsolidation pressure is-a
sumed to be 500 kPa. Five different overconsolidation ratios (OCR = 10, 5, 2.5, 1.25, 1) are densi
ered in drained conditions. The model predictions are shown in Figs. 8, 9, 10, and 11. Theuhss
are

Shi, X. S.1, Herle, 1. 1, Bergholz, Knonlinear Hvorslev surface for highly overconsolidated soils:
elastoplastic and hypoplastic implementations
Acta Geotechnica (2017), S. 810-822.
S. 816

® Note that the size of the ASBE{s used as the normalization strédsgs. @4) and @7).
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T A - T — - - ]
0.0

0.0 041 02 03 04 05 08 07

IR,
P/Pe

Fig. 7 Evolution of the nonlinear Hvorslev surface for different values o I* and > respective-
ly

Table 2 Model parameters of the proposed models

M N* A K' k B v

1.0 1.0 0.1 0.01 2 0.5 0.2 (0.3)

represented in four different planes: (1) L"F M(2) YoF M(3) L"F Rand (4)L" k® M lg‘:‘

The peak strengths predicted by the elastoplastic models in the overconsolidation range lie thre
initial yield surface. However, the hypoplastic models predict lower values. This effect cae lex-
plained as follows: in the elastoplasticity, the size of the initial yield surface reamms constant du-

ing the elastic deformation and shrinks afterwards due to shear dilatancy. Nevertheless, the size of
the ASBS of the hypoplastic model changes with void ratio no mater whether the stress lies inside
or on the ASBS. Therefore, the hypoplastic model predicts a lower shear strength than the eerr
sponding elastoplastic model. Still, for the proposed hypoplastic model (Figl), the peak strength

is very close to the Hvorslev surface.

6.3 Validation of the model

The calibration of the shape parameter is shown in Fig.12. One can notice a reasonable linear
relationship
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between the n'"« f Zcee ¥ 1 e—"Fee <o"f cfoms <o =SF T'— 2% Z %oy WasBab<... "2~
brated by trial and error. The summary of all model parameters calibrated for the soil described in

Sect.2is given in Table3. Note

Shi, X. S.1, Herle, I. 1, Berghdtz, A nonlinear Hvorslev surface for highly overconsolidated soils:
elastoplastic and hypoplastic implementations
Acta Geotechnica (2017), S. 810-822.
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Fig. 9 Predictions of of drained triaxial tests with different OCR using the proposedastoplastic
model
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To investigate the influence of the preconsolidation pressure, a triaxial test withh § L trr « fwas
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clay model

From the model parameters in Table 3, one can calculate the nonlinear Hvorslev surfaces at diffe
ent preconsolidation pressures (Fig13). The failure points from the triaxial tests at different L &
are also shown in this figure. The comparison

Shi, X. S.1, Herle, I. 1, Bergholz, Knonlinear Hvorslev surface for highly overconsolidated soils:
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Fig. 11 Predictions of of drained triaxial tests with different OCR using the proposed hypoplastic
model

between the model and the test data reveals a satisfactory performance, although there is a slight
difference between the model and the test data at a higher stress level.
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Fig. 12 Calibration of the parameter of the modified Hvorslev surface ( = 0.75)

Table 3 Model parameters of the tested soil (elastoplastic model and
hypoplastic model)

M N* A K* k f v

1.4 0.64 0.041 0.007 1.8 0.75 0.20 (0.25)

600 T T

Experiment: p,=800 kPa  ®

100 Experiment: p.=200 kPa e
Model: p.=800 kPa
- Model: p.=200 kPa
0 100 200 300 400 500
p / kPa

Fig. 13 Comparison between the strength envelopes from the experimental data and the model
predictions
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Fig. 14 Laboratory results and numerical simulations using the elastoplastic model (CU triaadi
tests on normally consolidated soil)
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Figure 14 shows the stress paths for the normally consolidated Dresden clay in undrained triek
tests. The experimental data show stress paths with decreasing Which follow the critical state

line afterwards. This
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Fig. 16 Laboratory results and numerical simulations (OC-50kPa-3):elastoplastic models

behavior reveals the response of a medium dense sand, which may be caused by the considerable
content of the silt (70 %) and sand (9 %) in the tested soil. The calculated

Shi, X. S.1, Herle, I. 1, Bergholz, Knonlinear Hvorslev surface for highly overconsolidated soils:
elastoplastic and hypoplastic implementations
Acta Geotechnica (2017), S. 810-822.
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Fig. 17 Laboratory results and numerical simulations (OC-50kPa-4): elastoplastic models

stress paths of the normally consolidated samples approach the critical state line and stop there.

As shown in Fig. 2, a linear Hvorslev line can well represent the failure behavior of the Dresdday
within a
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Fig. 18 Laboratory results and numerical simulations (OC-50kPa-2): hypoplastic models

slightly overconsolidated state. However, at a low stress level, the failure points deviate substatia
ly from the linear Hvorslev line. Three samples (designated as OC-50kPa-1, OC-50RPand OC-
50kPa-3, respectively) were

Shi, X. S.1, Herle, 1. 1, Bergholz, Knonlinear Hvorslev surface for highly overconsolidated soils:
elastoplastic and hypoplastic implementations
Acta Geotechnica (2017), S. 810-822.
S. &1
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Fig. 19 Laboratory results and numerical simulations (OC-50kPa-3): hypoplastic meds

isotropically consolidated to a mean effective stress of 800 kPa and another2D0 kPa (designated
as OC-50kPa-4, respectively). Afterwards, they were allowed to swell to
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Fig. 20 Laboratory results and numerical simulations (OC-50kPa-4): hypoplastic models

50 kPa, resulting in OCR= 16 and 4, respectively. Since the volumetric deformation of tedG
50kPa-1 in the postpeak regime is not reliable due to a technical problem, only

Shi, X. S.1, Herle, 1. 1, Bergholz, Knonlinear Hvorslev surface for highly overconsolidated soils:
elastoplastic and hypoplastic implementations
Acta Geotechnica (2017), S. 810-822.
S. 82

three tests, OC-50kPa-2, OC-50kPa-3, and OC-50kPa-4 are used for the validation of the model.

Figures15, 16, and17 (elastoplastic model) and Figs18, 19, and20 (hypoplastic model) show the
comparison between the experimental data and the model predictions. The corresponding resalt
of the modified Cam clay model and hypoplastic Cam clay model are also given in these figuoe
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comparisons. The experimental stress paths have constant slopes In" ;NMhowever, two distinct
stages can be distinguished when being normalized by the Hvorslev equivalent pressulgydnitia l-

ly, decreasing L" L;gu indicates a semi-elastic range, subsequently, after reaching the failure point,

the state travels along the revised Hvorslev surface.

From the results in Figsl5, 16, and 17, it is evident that the proposed model can sufficiently well
reproduce the evolution of the deviatoric stress for the three samples with a preconsolidation gs-
sure of 800 kPa. The deviatoric stress increases within the initial yield surfacthen it decreases
toward the critical state line following the predefined stress path. The model can predict quite well
the volumetric behavior. It should be noticed that, the experimental data cannot reach the dcil
state even after a large shear deformation (axial strair 20 %). Nevertheless, the critical state can
be simulated in the numerical simulations.

It can be seen from Figsl8, 19, and20 that the proposed hypoplastic model also provides satista
tory results. Moreover, it predicts smoother stress strain curves than the elastoplastimodel. Hy-
poplastic Cam clay model overestimates the shear strength significantly.

7 Conclusions

The linear Hvorslev surface may overestimate the strength of heavily overconsolidated soils. For
this case, a nonlinear Hvorslev surface was formulated for the dry side of the soil behavior. The
following conclusions can be drawn from the evaluation of the experimental and model data:

1. The failure points of the tested soil show a nonlinear relationship inL" ®ane on the dry
side of the critical state. The nonlinearity increases after being normalizedytthe Hvorslev
equivalent pressure.

2. A new failure surface was formulated based on the critical state concept and the proposal by
Atkinson [1]. In this formulation, the stress invariants (L ‘and Nl at the failure points are
normalized by the equivalent Hvorslev pressure on the normal consolidation line.

3. The yield surface proposed by McDowell and Ha24] was used on the wet side of the crit
cal state due to its flexibility. An additional shape parametek adjusts the location of the
Critical State Line and is coupled to the Hvorslev surface.

4. The nonlinear Hvorslev surface was incorporated into the elastoplastic model and the/h
poplastic model. Comparisons between the experimental data and the simulations reveal
that the proposed model can well represent the stresstrain and volumetric behavior -
served in the laboratory. On the contrary, the standard formulations of the elastoplastic and
hypoplastic models dramatically overestimate the shear strength in the high overconsel
dated range.
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