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A NUMERICAL STUDY ON THE EFFECT OF END RESTRAINT OF
SPECIMEN IN CONVENTIONAL TRIAXIAL TEST ON THE YIELD
STRENGTH AND THE POST-YIELD BEHAVIOR OF SOIL

The effects of end restraint in a conventional triaxial test on yield strength and the post-
yield behavior of soil have been investigated by way of a finite element analysis based on a
pressure-dependent and linearly elastic-perfectly plastic constitutive model. The influence of
end restraint on the yield strength is insignificant. Unlike the yield strength, post-yield
behavior is influenced notably by the end restraint, depending on the confinement pressure.
When the axial and radial strains are small, strain hardening after initial yielding generally
takes place. As the strain increases further, peak stress appears, followed by strain softening
thereafter. As the confinement pressure increases, the peak stress materializes at lowered
axial and radial strains, so that from the confinement pressure of 50 psi (344.7 kPa), strain
softening starts almost from the initial yielding. As the confinement pressure increases, the
degrees of strain hardening by the end restraint at the given axial and radial strains show
decreasing trends. This change in yield strength as well as the artificial post-yield behavior
(strain hardening or softening) due to the end restraint need to be eliminated in order to
extract a true soil property from the triaxial stress-strain curve.

Keywords: conventional triaxial test, end restraint, yield strength, post yield behavior,
soil and crushable foam model, finite element analysis.
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YUCEJBHE JOCJI)KEHHS EGEKTY KPAMOBUX OBMEKEHb
JIE®@OPMAIIIN 3PA3KIB ITPU CTAHJIAPTHUX TPOXOCBOBHUX
BUITPOBOBYBAHHSX HA MEKI TEKYYOCTI TA IIICJIA
TEKYYOI IOBEJITHKU IPYHTY

Edhexmu kpatiosux obmediceHv y cmaHOapmHux mpboxoCcbo8Ux 8UNpoO08Y8aHHAX HA MeXCi
meKywocmi ma niciis cmaoii meky4oi no8ediHKU IPYHMY O0CHIONCEHO 3a OONOMO20K) CKIHUEHHO-
eleMeHMHO20 aHAnizy, wWo 0a3yeascs HA 3ANeHCHOCMI MIdNC MUCKOM [ HPYICHO-I0eaibHO-
NAACMUYHOIO KOHMUHYAbHOIO MoOenmo. Bnnue xpaviosux ooOmedcenv na Mmedici mekyyocmi
nesnaunui. Ha 6iominy 6i0 noeedinku 3paska IpyHmy Ha Mexdci meky4ocmi, Ha CaH nicis Hei
BNIUBAIOMb OCOONUBOCMIE KPALIOBUX 0OMENCEHD, WO 3anexcams 6i0 senudunu mucky. Komu ocvosi
ma paodianvHi deopmayii mani, mo, K Npasuno, Nicis NOYAMKYy MeKy4ocmi 8i00yeaomuvcs
Ooeqhopmayii smiynenns. Ilpu 30inbuienni deghopmayiti 3 619€MbCsl NIKOBE HANPYICEHHS, NICIA
yoeo @idOysacmuvcsa  pyumyamHa 3paska. Ilpu nodanvuiomy 30iIbUeHHI MUCKY NiKoge
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HANPYICEHHST 3MEHUWYEMbCS NPU 3HUNCEHHI 0Cbo8UX | padianvhux Oeopmayii max, wo npu
Kinyegomy muckogi 8 50 ¢hynmie na xeaopammuuii ooim (344,7 xlla) degpopmayii’ pyiinyeanns
NOYUHAIOMbCL MANO He 3 nouamxy medxci mexkyyocmi. Ilpu nodanbuiomy 3pocmanHi mucky
cmyninb  0eghopmayiti 3MiYyHeHHsT 00 Kpauosux O0OMedxiCeHb HA YUX OCbOBUX 1 PAOIATbHUX
Odehopmayiax mae menOeHYii 00 3HUJCEHHA. L[ 3MiHa Medci meKy4ocmi, a maKoxc wmydHa
nogedinka nicisi medci mekyvyocmi (Oegpopmayii 3miyHeHHs 4u  PYUHYGAHHS) YV 368 3KV 3
Kpanosumu 00MedlceHHAMU Maiomb Oymu yCyHymi, wob NpaguibHO GUIHAYAMU G1ACTUBOCT
IPYHIMIB 34 KPUBOIO «HANPYIHCEHHS — OedhopMayiin npu mpboxocbo8Ux UNPOOOSYEAHHSIX.

Knwuosi cnosa: mpvoxocvosi 6unpobosysamHs, Kpauoge O0OMEeNCeHHA, Medxca
meKyyocmi, no8ediHKa Nicis MeKy4oCmi, IPYHMOo8a MOOEb | MOOeNb PYUHYBAHHS, CKIHUEHHO-
eneMeHmHUN AHali3.
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YUCJEHHOE UCCJIEJJOBAHUE E®G®EKTA KPAEBBIX
OTPAHUYEHW JE®OPMAILIMIT OBPA3IIOB ITPU CTAHIAPTHBIX
TPEXOCHBIX UICIBITAHUSIX HA MIPEJIEJE TEKYUYECTH U
MOCJE TEKYYEIO MOBEJAEHUS TPYHTA

Dpghexmul Kpaegvix ocpaHuueHull 8 CMAHOAPMHBIX MPEXOCHBIX UCHBIMANUAX HA npedeie
MeKyuecmu U nocie Cmaouy meKyue20 noseoeHus: 2PYHmMa Uccie008aHbl ¢ NOMOWbI0 KOHEUHO-
INIEMEHMHO20 AHANU3A, KOMOPLIl 0a3Upyemcs Ha 3a8UCUMOCTIU MeHCOy OdeleHueM U ynpyeo-
UOeAIbHO-NIACTUYECKOU KOHMUHYATIbHOU MOOenblo. Buusnue kpaesvix ocpanuyenuil Ha npeoene
meKyuecmu HesHauumenvhoe. B omuuuue om nogedenus obpasya epynma Ha npeoene
MeKyuecmu, Ha e20 cOCMOoAHUe NOCie GIUAIOM 0COOEHHOCIU KPAesblX 02panudeHull, Komopule
3asucsim om eenuyuHvl daenenus. Kozoa ocegvle u paouanvhwie oeghopmayuy manvl, mo, Kax
npasunio, nocie Hauala mekyyecmu npoucxooam oegopmayuu ynpounenus. Ilpu yeenuyenuu
Odeghopmayuii NOABIAIOMCA NUKOBbLE HANPANCEHUS, NOCTE Ye20 NPOUCXO0Um paspyuerue oopasya.
Tlpu Oanvhetiwem yseruuenuy 0agienus NUKOBbLE HANPAICEHUS YMEHLUUAIOMCS NPU NOHUNCEHUU
0cesbix U paoudanvbhbix Odeghopmayuil max, 4mo npu KoHeuHom oagienuu 6 50 ¢gynmos Ha
keaopamuuli ooum (344,7 klla) oegpopmayuu paspyuieHus HAUUHAIOMC Yymb JU He ¢ HaAdana
npedena mexywecmu. Ilpu Oanvhetiwiem eo3pacmanuu OagleHus cmenews oOegopmayuil
VIPOUHEHUSL 00 KPAeBblX OSPAHUYEHUI HA OAHHBIX OCE8bIX U PAOUATbHBIX 0ehOpMAyUsx UMerom
MEHOEHYUI0 K CHUMCEeHUlo. Dmo u3MeHeHue npeoena meKydecmu, a makdice UCKYCCMEEHHOe
nogedenue nocie npeoena mekyuecmu (Oegpopmayuu YnpouHeHus uiu paspyuerus) 6 cesasu ¢
KpaeebiMUu 02PAHUYEHUAMU OOJINCHb OblMb  YCMPAaHeHbl, 4mobbl NPAGUILHO ONpedesams
CBOlICMBA 2PYHMO8 NO KPUBOLL KHANPANCEHUs — Oehopmayuiy npu mpEXOCHuIX UCNbIMAHUSIX.

Knrwouesvie cnosa: mpéxocnvle ucnvimanus, Kpaegoe ocpanuierue, npedei mekyiecmu,
nosedeHue nocie MeKyuecmu, ZcpyHmogas Mooeib U MOOelb pA3pVUleHUs, KOHEYHO-
9/IeMEeHMHbI AHATIU3.

Introduction. The determination of the mechanical properties of soils has
probably been most widely carried out by way of the conventional triaxial test.
In this test, the soil specimen is assumed to deform uniformly, and the axial
stress and two radial stresses are the three principal stresses. Thus, the
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information obtained from the test is assumed to represent the true material
properties of the tested soil. According to Bishop and Henkel [1], Taylor
reported in 1941 that no significant error occurred in the measurement of soil
strength when the length-to-diameter ratio of the triaxial specimen was in the
range of 1.5-2.5.

However, an end restraint, which is caused by the friction between the
top/bottom ends of the soil specimen and supports, exists in the specimen. The
end restraint is amplified by the attachment of a rubber membrane to the end
supports. It is well documented that the end restraint yields a non-uniform
deformation of specimen (barreling) during a triaxial test [2-4]. Schanz and
Gussman [2] reported that the shear strength of an idealized elastic-perfectly
plastic triaxial specimen increased with an increasing end restraint and was not
significantly influenced by the specimen geometry. In a numerical investigation
by Sheng et al. [3], the end restraint caused the barrel-shaped deformation of the
specimen, while non-uniformity in stress and strain increased with increasing
strain. The non-uniformity of stress and strain in the triaxial specimen due to the
end restraint was also well illustrated in the numerical study of Yang and Ge [3].
Thus, the stress-strain curve determined by the conventional triaxial test, strains
of which are determined based on the positions of the end cap and radial ends,
inevitably includes the artificial behavior caused by the non-uniform deformation
in addition to the true material behavior.

Although the importance and degree of non-uniformity in strain and stress
in the interior of the specimen during the triaxial test have been well illustrated
in existing studies, to our knowledge, numerical studies simulating a stress-strain
curve following the experimental procedure, i.e. the determination of strains
based on the positions of the top end and radial ends of the specimen, have thus
far been few. In this regard, the current study, through a finite element analysis,
numerically investigates how the triaxial stress-strain curve based on an
experimental procedure is influenced by the presence of the end restraint. The
present study was carried out by employing a pressure-dependent and linearly
elastic-perfectly plastic constitutive model.

Constitutive model. The employed constitutive model in the current
investigation is the soil and crushable foam (SCF) model [5, 6] which is a
pressure-dependent and linearly elastic-perfectly plastic model for geomaterials.
In this model, the yield function describes the pressure-dependent deviatoric
deformation of geomaterials by the relation,

Ip = a, +a;p+ a;p® (1)

where Jop is the second deviatoric stress invariant, p is the pressure, and ay,

a1, and a, are the material parameters to be determined by experimentation. This
model is one of the most basic constitutive models used for describing the
plasticity of geomaterials. Thus, it has accumulated a considerable amount of
user experience and feedback, and it is also quite robust [7]. The SCF model has
found wide application areas in the numerical simulations of versatile soil-
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structure interactions [8-10]. It is now implemented in commercial finite element
packages, such as LS-DYNA [11] and MSC DYTRAN [12].

Numerical analysis. The present investigation analyzes half of the 2D
axisymmetric space (Fig. 1). The modeled size of the radial x-y plane of the
specimen was 0.75 inch (19.05 mm) in radius and 3.0 inches (76.2 mm) in
height. The thickness of the rubber membrane was 7.874 milli-inches (0.2 mm).
The model areas were discretized by using 4-node axisymmetric quadratic
elements. The number of elements was 50, and the size of the elements was
checked by a separate mesh quality test.

For the simulation of the ideal case with no end restraint, the nodes at the
top end of the specimen were allowed to move freely along the axial (y-axis) and
radial (x-axis) directions, while the movement of the nodes at the bottom end
was allowed only along the radial direction. For the simulation of the case with
an end restraint, the nodes at the top end of the specimen were allowed to move
only along the axial direction, while the movement of the nodes at the bottom
end was fixed along all directions. For both cases, the nodes at the bottom of the
specimen were allowed to move only along the radial direction.

— Axis of —>|, 075 in
symmetry ! (19.05 mm)

30in
Specimen (76.2 mm)

NARAARA

L.

Fig. 1. Schematic illustration of the model for finite element analysis

The right (circumferential) boundary was subjected to constant radial
pressures of 2, 5, 10, 20, 50 and 70 psi (13.8, 34.5, 68.9,137.9, 344.7 and 551.6
kPa), which were equal to the confinement pressures. In order to realize the
hydrostatic loading condition, the radial pressure was applied first, followed by
the application of the axial stress until it reached the radial pressure via the
control of the axial displacement of nodes located at the top end of the specimen.
Then, the triaxial shear state was achieved by increasing the axial stress. The
axial strain of the specimen was determined by the displacement of the nodes at
the top end of the specimen and the axial stress by the reaction force of the same
nodes. The radial strain of the specimen was determined by the displacement of
the node located at the radial end on the mid plane at one-half of the height of the
specimen, and the radial stress was determined from the confinement pressure. A
commercial finite element package (LS-DYNA) was used for the analysis. The
sign convention in the present study is positive for compression and negative for
tension.
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For the numerical implementation of the SCF model in the finite element
analysis, the parameters shown in Table 1 [13] for Cuddeback lake soil were
used. Rubber membrane was treated as an elastic material with an elastic
modulus of 2900.8 psi (20 MPa) and a Poisson ratio of 0.5.

Results and discussion. The stress-strain curves of the triaxial tests at varying
confinement pressure were generated numerically herein by using the set of the SCF
model parameters shown in Table 1 [13], and the results are shown in Fig. 2. In
order to assist the comparison of the simulation cases at varying confinement
pressures, the range of the ordinate scale in each diagram is set to be the same (the
range of 40 psi, i.e. 275.8 kPa).

Table 1. Parameters of the soil and crushable foam model [13] used for simulation in the
present study

Category Parameters
Yield Jop = 77.52 + 15.26p + 0.751p (in psi unit)
Surface I.p = 3,685,120,808.8 4 105,214.0p + 0.751p% (in Pa® unit)
True strain p (psi) p (kPa)
0 0 0
0.0089 30 206.8
0.0104 35 241.3
Pressure- 0.0120 40 275.8
true volume strain 0.0138 45 3103
relation 0.0155 50 344.7
0.0190 60 413.7
0.0226 70 482.6
0.0263 80 551.6
0.0291 87.8 605.4
Elastic Shear modulus of 2,500 psi (17.2 MPa) for the loading part
Parameters Bulk modulus of 3,360 psi (23.2 MPa) for the loading part

In Fig. 2, the pressure dependency of the yield strength in the simulated curves
is well represented, which is rendered by the pressure-dependency of the yield
surface function of the SCF model, eq. (1). The simulated curve under the condition
of uniform deformation of the soil specimen with no end restraint (ideal case)
shows a typical elastic-perfectly plastic behavior, as the model dictates. However,
the case with the end restraint results in a notable deviation from such behavior, and
the degree of deviation is pressure-dependent.

Based on the examination of all of the simulated curves shown in Fig. 2, the
case with the end restraint (solid line) does not result in a significant difference in
the initial yield strength from that of the ideal case with no end restraint (dashed
line). On a quantitative base, the case with the end restraint increases yield strength
by only 0.46*0.13 percent with reference to that of the ideal case, in the
confinement pressure range of 2-80 psi (13.8-551.6 kPa).
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Fig. 2. Simulation results based on the soil and crushable foam model at the confinement
pressures of (a) 2 psi (13.8 kPa), (b) 5 psi (34.5 kPa), (c) 10 psi (68.9 kPa), (d) 20 psi
(137.9 kPa), (e) 50 psi (344.7 kPa), and (f) 80 psi (551.6 kPa) by using the parameter set
shown in Table 1. o, is the axial stress and o is the radial stress

Unlike yield strength, post-yield behavior was influenced notably by the
end restraint, depending on the confinement pressure. In the simulation case with
the end restraint, a notable strain hardening or strain softening transpires after
initial yielding, unlike the ideal case with no end restraint. When the axial and
radial strains are small, strain hardening generally occurs after initial yielding.
As the strain increases further, peak stress appears, followed by strain softening
thereafter. As the confinement pressure increases, peak stress materializes at
lowered axial and radial strains, so that from the confinement pressure of 50 psi
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(344.7 kPa), strain softening starts almost from the initial yielding. The yield
strength now becomes the peak stress.

As the confinement pressure increases, the degree of strain hardening by the
end restraint at the given axial and radial strains shows a decreasing trend.

By taking the sign of strain hardening as positive and that of strain softening as
negative, on a quantitative base, the end restraint of the specimen causes strain
hardening/softening of 7.46, 5.42, 3.24, 0.98, -1.32, and -1.50 percent with
reference to the yield strength of the ideal case at 8 percent of axial strain, for the
confinement pressures of 2 (13.8), 5 (34.5), 10 (68.9), 20 (137.9), 50 (344.7), and
80 (551.6) psi (kPa), respectively. At -8 percent of radial strain, the end restraint
causes strain hardening/softening of 7.29, 5.04, 2.55, -0.27, -3.78, and -5.41 percent,
respectively, with reference to the yield strength of the ideal case.

Neither the change in initial strength nor the post-yield behavior (confinement-
pressure-dependent strain hardening or softening) due to the presence of the end
restraint should be considered to represent the actual behavior of the soil in the
triaxial test, which is not associated with the true material property. Thus, care needs
to be taken to eliminate such artificial behavior in order to determine the true soil
property from the triaxial stress-strain curve. As an extension of the current
investigation, a more detailed analysis on the influence of non-uniform deformation
on the triaxial stress-strain curve will be performed, which will include the
comparison case with both the end restraint and rubber membrane. Also, a method to
extract the true material parameters of the model via the comparison of the
simulation cases will be investigated, and the results will be published elsewhere.

Conclusions. The stress-strain curve determined by a conventional triaxial
test was simulated by a finite element method based on the displacement of the
top and radial end points of the specimen. By employing a pressure-dependent
and linearly elastic-perfectly plastic constitutive model, the effect of the end
restraint on the determined stress-strain curve has been investigated. The end
restraint slightly increases yield strength as compared to an ideal case with no
end restraint. However, its influence is insignificant. It decreases the yield
strength by only 0.46+0.13 percent with reference to the ideal case with no end
restraint, in the range of the confinement pressure of 2-80 psi (13.8-551.6 kPa).

Unlike yield strength, post-yield behavior is influenced notably by the end
restraint, depending on the confinement pressure. When the axial and radial
strains are small, strain hardening after initial yielding generally takes place. As
the strain increases further, peak stress appears, followed by strain softening. As
the confinement pressure increases, peak stress materializes at lowered axial and
radial strains, so that from the confinement pressure of 50 psi (344.7 kPa), strain
softening starts almost from the initial yielding. As the confinement pressure
increases, the degrees of strain hardening by the end restraint at the given axial and
radial strains show decreasing trends.

By taking the sign of strain hardening as positive and that of strain softening as
negative, on a quantitative base, the end restraint of the specimen causes strain
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hardening/softening of 7.46, 5.42, 3.24, 0.98, -1.32, and -1.50 percent with
reference to the yield strength of ideal case at 8 percent of axial strain, for the
confinement pressures of 2 (13.8), 5 (34.5), 10 (68.9), 20 (137.9), 50 (344.7), and
80 (551.6) psi (kPa), respectively. At -8 percent of radial strain, the end restraint
causes strain hardening/softening of 7.29, 5.04, 2.55, -0.27, -3.78, and -5.41 percent,
respectively, with reference to the yield strength of the ideal case. The change in
initial strength and the artificial post-yield behavior (confinement-pressure-
dependent strain hardening or softening) due to the presence of the end restraint
need to be eliminated in order to determine the true soil property from the
triaxial stress-strain curve.
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