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Advantages of GRS-IBS

e Fast/cost-effective — eliminate CIP RC abutment walls/footings
— superstructure can be precast

e Reduced carbon footprint — manufacture of 1 ton of cement
proauces 1 ton CO,

e Can be built in variable weather using common labor, materials
and equipment

e Quality compaction control — thin lifts between geosynthetics

e High strength capacity- limit states well understood based on
numerous large scale load tests




GRS Mini-Piers

Large scale load tests of GRS mini-
piers conducted at FHWA's Turner-
Fairbank Highway Research Center,
Mclean, VA

Faced (CMU) and unfaced mini-
piers

19 tests using hydraulic jack and
load frame

Various reinforcement spacing,
geotextile strength, soil type,
faced vs unfaced

Load, and vertical and lateral
deformation monitored
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Physical Load Tests

e Cost-prohibitive
e ODbjective — perform numerical load test



Subloading t; Model Based on Modified Cam Clay

Modified Cam Clay model (Burland and Roscoe, 1968):

Pros Cons
* First elastoplastic model applicable ¢ Does not consider effects of o,
to practical deformation analysis * e-log p consolidation curve is
of soil that bilinear instead of curved
* Can describe soil behavior during * Data shows trace of Hvorslev’s yield
shear and consolidation surface is not planar in principal

* Can model compressive behavior
during strain hardening and dilative
behavior during strain softening

stress space, but rather curved

* Cannot model dilation during strain
hardening nor strain softening of NC
clays

e Cannot handle structured behavior
of sensitive clays

* etc.



Instead of looking at stresses on

octahedral plane, Matsuoka and Nakai

(1974) proposed:

e Using stresses on a Spatially
Mobilized Plane (SMP)

 SMP coincides with octahedral plane
only under isotropic stress conditions
(Nakai, 2013).

 SMP is influenced by intermediate
principal stress (o,)

 SMP is not normal to hydrostatic axis

Matsuoka & Nakai (1974)
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Instead of plotting in principal stress space, Nakai and Mihara (1984) plotted in transformed or t; stress space

— al(Tl, t2 — 3.2(72 : t3 — 3.3(73 where, (al, a, and a,) are direction cosines of normals to SMP
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______

m— SMP (X =0.2,0.63)
= = = (Extended) Mises (n = 0.45, 1.36)
=« = Mohr-Coulomb (¢ = 12.0°, 33.8°)

Subloading tij model is a Subloading tij model in
rounded triangle on G,-G,-G5 Space
hydrostatic axis




Finits Element
Mub Representing
Boll Boundary
Value Problem

[ Yield Surface |

(from
Lade, 2005)

Good Prediction of Stress-
Straln Bebavior

| Plastic Rardsaiog Rule |

Component Function
Elastic Hooke’s Law Produces elastic strains whenever the stresses
Behavior change
Failure Criterion | Imposes limits on stress states that can be
reached
Plastic Plastic Potential | Produces relative magnitudes of plastic strain
Behavior Function increments (similar function as Poisson’s ratio
for elastic strains)

Yield Criterion Determines when plastic strain increments
occur: Only when yield surface is pushed
out/in (hardening/softening)

Hardening/Softening | Determines magnitudes of plastic strain
Relation increments (similar function as Young's

modulus for elastic strains)




Elastic Behavior

Expression of elastoplastic model:

d‘9ij = dgi? see later
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Failure Criterion

Triaxial
Failure criterion based on SMP (Matsuoka & Nakai,1974) r=-af COMpression test
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Formulation of model based on t; concept

eMethod to determine the shape of yield surface (stress-dilatancy relation)

- ot Triaxial compression test
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Hardening Relation
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Concrete Footing
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Concrete Footing

Concrete Footing
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Load Testing

REFERENCE BEAM

EFERENCE BEAMS

<>
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TF-10 at failure with S, = 15% inches, T,= 4,800 Ib/ft, and VDOT 21A material. (Nicks et al., 2013)
Page 28

Schematics of deflection instrumentation for mini piers (a) with facing and (b) without facing. (lwamoto, 2014)




PLATE COMPACTOR

compacting next to
foundations, in narrow
trenches or other tight
spots. Also ideal for
D.O.T. or Public Works
crews for pothole
paiching. Easy hook:

Comes complote with
male and female
receptacie. Weight
only 48 Ibs

Data

e S A cquisition




Backfill

Well-graded gravel with silt (GW-GM) from Lucky Stone quarry in — 25
£ Maximum dry unit weight, y, = 23.4 kN/m?3
Leesburg, VA used as base course S 24 - Optimum moisture contet, 0 = 7.7%
=
£ 23 A
VDOT 21A Gradation 2
No.40  No. 16 No. 8 No. 4 3/8" 1/2" 1" ; 22 A
100 e bt
----- c
90 ..,.-"' > 21 T T T T
e S 4% 6% 8%  10% 12%  14%
80 - (]
R Water content
70 Results of standard Proctor test on the aggregate backfill (Nicks et al., 2013)
" 8000
£ 60
b 7000 Peak: 1 = tan53°c + 1563 psf
= 50 . Rz =0.9877
g «6000 1
5 40 @ ¢
o ~5000 -
30 ‘ b
T 4 £ 4000 -
20 et w
-1 & 3000 - Fully Softened: 1 = tan54°c
10 eeu@+e VDOT21A 2 R? = (0.9956
T 1 % 2000 -
0 € 0075 0425 1.18 2 4.75 9.5 125 25 + Unsaturated - Peak MC Envelope
_ _ 1000 1 B Saturated - Peak MC Envelope
Sieve Size (mm) 0 A Unsaturated - Fully Softened MC Envelope
0 1000 2000 3000 4000 5000

Normal Stress (psf)
Comparison of saturated, unsaturated, and fully softened Mohr-Coulomb envelopes. (lwamoto, 2014)




Soil Parameters

A

0.0325
0.0016

Parameter __vale |
A
K

Same parameters as modified Cam-

N =ey-at 1 atm 0.364 Normally
clay model consolidated
Res = (01/03) cs comp >
v, 0.2
s 1.155 Shape of yield surface !
a 400
K 10 Influence of density | Sc;/:srolidated
b 0 1
Q,=bw, 0 Influence of bonding Structured clay
k, 0 v
€ 1ax 0.55 Max. e since p plotted on log scale

0.2




Isotropic Consolidation

Modified Cam-clay Subloading t;

—
~
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Mod. Cam-clay Subloading tij
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Mean Stress, p (psi) Mean Stress, p (psi)




Deviator Stress vs Axial Strain

140
120 A
100 + <  Measured 5 psi
O Measured 10 psi
= 80 -~ Measured 30 psi
= —— =Calculated Mod. Cam-Clay 5 psi
© 60 - = = Calculated Mod. Cam-clay 10 psi
Calculated Mod. Cam-clay 30 psi
O A T T T T T T T
0% 2% 4% 6% 8% 10% 12% 14%
€
Volumetric Strain vs Axial Strain
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-1.0%

-0.5%

0.0%

0.5%

1.0%

1.5%

2.0%

2.5%

3.0%

3.5%

— =Calculated tij 5 psi

Calculated tij 10 psi
Calculated tij 30 psi
Measured 5 psi
Measured 10 psi
Measured 30 psi

Deviator Stress vs Axial Strain

2%

Volumetric Strain vs Axial Strain




Parameter Optimization - ML

Traditional Methods (in order of Reliability):
 Analytical Derivation
« Literature Values (interface properties)
« Manual Iteration
Subloading tij Parameter Optimization:
« Subloading tij_a.exe (Para, Path, and Ana.cal files)
« Manual Iteration
 Limitations/Constraints
Potential path forward:
« Machine Learning based optimization
 Inverse Problem (Zhang et al., 2021)
» Genetic Algorithms
« Paletal. (1996), Samarajiva et al. (2005), and Rokonuzzaman and Sakai (2010)
« Bayesian Inference
 Sakai and Nakano (2025), Coelho et al. (2024




Machine Learning Framework

Bayesian Inference and Maximum-Likelihood approach

1
p(0,a|D) = ZP(@, a)p(D|O, a)

® 1s the set of model parameters

a 1s the set of nuisance parameters

D is the set of observations

p(0, ) is the prior distribution

p(D|0O, a) is the likelihood function computed for any particular value of (®;, o;)
Z = p(D) is the normalization and is independent of ® and «



Machine Learning Framework

Markov chain Monte Carlo (MCMC) optimization for multi-variable optimization problems

(Foreman-Mackey et al., 2013):

 Bayesian inference, computing and utilizing the posterior probability density function (PDF)
for the model parameters

« Markov Chain - next step (set of sampling locations in the posterior probability) depends on
previous set

« Monte Carlo - the approximation of the probability density functions is based on a Monte
Carlo approach

Approximate posterior PDF efficiently despite parameter spaces with high dimensionality.
“emcee” algorithm as its affine invariance results in performance independent of highly
anisotropic posterior PDFs (Goodman & Weare, 2010)

Basis of emcee algorithm is the Metropolis-Hastings (M-H) algorithm with an affine
Invariant process

Compute N samples (steps) {O.} from the posterior PDF (Foreman-Mackey et al., 2013)




Machine Learning Framework

« emcee algorithm generates a random walk in the parameter space, X(t;)
= [®;, a;] depending only on previous step X(t; ,). Xp () Y = X; + Z[X, (1) — Xj]

« Affine-invariance means use of a simultaneously evolving ensemble of where Z is a random variable drawn from g(Z = z).

K “walkers”, S = {X,}. 9
o | g(z7") = zg9(2)
» Proposed parameter distribution for the kth walker is based on the . )
current positions of the K — 1 walkers in ensemble S[k] = {X;, V; # k}. g(2) {ﬁ ifz € [5, a]
0 otherwise

« Position of walker X, is updated by drawing random walker X from the where a > 1 (often set to 2).

ensemble S[k] (Goodman & Weare, 2010).

if r < q then Acceptance probability g
else

o n—1_P{)
Xe(t+1) < X (0) T (1' “ )
endif

where r is a random sample from a uniform distribution r ~ U[O0, 1]
and Y is updated walker position




Parameters from Machine Learning but....

The magnitude problem and proposed weighting schema:
1. Min-max normalization scheme:

x; — min(x)

1
— = 0.01 +

w; max(x) — min(x)

2. Logarithmic weighing scheme:

1
> 1
g, for x;
W; = 1
<1
[1og(1000 = x;)| forx;
3. Reverse Sequential weighing scheme:
l
w; = * (max(x) — min (x))

count(x)
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Parameters from Machine Learning

2
3
3

Parameter Value Description ‘e }
N 0.3576 \oid ratio at reference pressure A;ddltlonal OUtPUtS'
' (1 atm) X
1 0.0207 Virgin compressio_n index (slope Reduced X2
OTNC line) Akaike and Bayesian Info Criteria
B 1.0515 Yield function shape parameter y
a 103.32 Density function parameter R?2
Ka 1.0 Shear control parameter for Parameter Cl and Standard Error
density function P C lati
R 50852 Principal stress ratio at critical arameter Correlation
° ' state in triaxial compression
Deviator Stress vs Axial Strain Volumetric Strain vs Axial Strain
. 81
1.20E+02 - mw‘,\;\w»w\l‘l‘m‘f’a\‘QMWl.v‘vfiﬁliiftyj) o ‘D”a“'@wi’:‘«() ‘ -1.00E-02
- Sl Tii -
ij 5 psi
e Tij 55 . -
1.00E+02 ij Spsi 5.00E-03 — = Tij 10psi
e Tij 10psi
8.00E+01 0.00E+00 4 = - Tij 30psi
= =+ Tij 30psi \
é Cofining Stress 5psi
& 6.00E+01 Cofining Stress 5psi
« 5.00E-03
Confining Stress Confining Stress
4.00E+01 10psi 10psi
Confining Stress 1.00E-02 Confining Stress
30psi 30psi
2.00E+01
1.50E-02
0.00E+00 (&
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 5 00E-02




Void Ratio, e

0.335

0.33

0.325

0.32

0.315

Mean Stress, p (psi)

N\
2 AN
_ |
< .
N~ \ —> L1-50 PSI
~ .
~ .
= \ 3'
_— S i
< \ — > UL1-5PSI
'~
'~ \.
T — —_ — > Tij Load-Unload
10 100




g Correlation Plot (5 psi)

30

NN
o wu

B
o wu

Measured q (psi)

wv

0
0.00 10.00 20.00 30.00

Calculated g (psi)

ev CorreIaH%BSPlot (5 psi)

Measurgd ev
o
Q
()

-0.007

-0.009
Calculated ev

Parameter Results

g Correlation Plot (10 psi)

[
o

BN Wb
o o o

o

Measured q (psi)

(o)

-10.00 10.00 30.00 50.00

Calculated q (psi)

ev Correlation Plot (10 psi)
0.007

0.006
0.805
e
0.804
>
2
0.6803
=
0.002
0.001
0

0.000 0.005
Calculateé)sv

g Correlation Plot (30 psi)

Measured q (psi)
=
N B OO 0 O N
O O O O O o o

0.00 50.00 100.00
Calculated q (psi)

ev Correlation Plot (30 psi)
16

0.014
0.012
>
Ho1
[
02008
2
(C
06
0.004
0.002

0
0.00D0C2 0 00BOMR0IMOIR201A016
Calculated ev

e Correlation Plot (IC test) Metri_c R? R CoV SRS Cv SRS/CoV
033 q(c:=5psi) | 0.87149 0.93353 13.2681 776.467 | 016267 | 585215
g (o3 = 10 psi) 0.97273 0.98627 41.5877 1930.47 0.15394 46.4191
- q (o3 =30psi) | 0.96990 0.98483 667.609 37600.4 0.25723 | 56.3210
0@25 &y (03 = 5 psi) 0.91773 0.95798 1.12E-05 8.19E-04 -0.77546 | 73.1438
8 &v (03 = 10 psi) 0.11306 0.33625 3.22E-05 67.7767 1.26982 | 2104572
é.az &v (o3 = 30 psi) 0.96699 0.98335 1.09E-05 2.26E-04 0.26772 20.6589
e 0.90187 0.94967 1.32E-05 0.10652 0.01109 8082.67
0.315 Average 0.82695 0.88519
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Parameter Results

Plot validates selection of MCMC approach
and future attempts have to account for modal
parameter variability
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Parameters from Machine Learning

2
3
3y

Parameter Value Description
N 0.3576 \oid ratio at reference pressure
(1 atm)
Virgin compression index (slope
4 0.0207 of NC line)
B 1.0515 Yield function shape parameter
a 103.32 Density function parameter
K 10 Shear control parameter for
2 ' density function
Principal stress ratio at critical
Res 5.0852 state in triaxial compression
= o * o 81
1.20E+02 W,@jﬁ\w&*i\lﬂm@;\‘m"‘\’)-“"""“f’MDf "‘W‘v)@(\‘)‘v%ﬂm)yy)@mw‘ -1.00€-02

1.00E+02 e Tij 5psi -5.00E-03

e e Tij 10psi
8.00E+01

. . 0.00E+00 A
— e« Tij 30psi Tij 5 psi
2
& 6.00E+01 Cofining Stress — =Tij 10psi
5psi «w 5.00E-03
Confining = ¢ Tij 30psi
4.00E+01 Stress 10psi
Confining 1.00E-02 Cofining Stress 5psi
Stress 30psi
2.00E+01

1.50E-02

0.00E+00 (&
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

2.00E-02




Void Ratio, e

0.335

0.33

0.325

0.32

0.315

Mean Stress, p (psi)

N\
2 AN
_ |
< .
N~ \ —> L1-50 PSI
~ .
~ .
= \ 3'
_— S i
< \ — > UL1-5PSI
'~
'~ \.
T — —_ — > Tij Load-Unload
10 100




Geotextile Parameters

Wide Width Wide width Tensile Wide
Test Geotextile Tensile tensile strength | Strength Width
Manufacturer Strength at 5% strain (Grab) | Elongation
(Ib/ft) (Ib/ft) (Ib) (%)
1E-6,-7, Propex 4800 x 4800 660 x 1500 600 x 500 | (10 x 8%)
TF-9, -10
* Biaxial, woven polypropylene Propex Geotex 4X4HF geotextile
120F ¢ ' ' '

* Ideally want geotextile strength to decay afteryield |
* Geotextile modeled as biaxial, bilinear elastoplastic rsof—

Parameter Value Unit
EA: 876 KN/m
EA 701 kN/m
Tf 70.05 kKN/m

T ]

I | 1 |
0.01 002  0.03
axial - disp

004 005

Geotextile wide width tensile force vs axial strain



tand

Ps
A
pdp, = tand
- , ’
7 ps/p, < tand
”
.’\ )
0 v PH
(a) Relation between normal stress
(p,) and shear stress (p,)
Ps/Py
A
pslp, = tand
y
v . > 10

(b) Relation between relative displacement
(w,) and stress ratio (p,/p,,)

Idealized interface behavior (Nakai T. , 2013

Interface Elements

Interface (Geotextile-Soil)

Parameter Value Unit
Kn 100.0 * 10° KN/m?3
Ks 9.09 * 10° KN/m3
v 0 -

1) 40 °

W 0 °
Cref 0 kPa

Interface (Footing-Soil)

Parameter Value Unit
Kn 100.0 * 10° KN/m?3
Ks 9.09 * 10° KN/m3
v 0 -

1) 44 °

W 0 °
Cref 0 kPa

Geo-Research Institute (2022




Modelling of TF10 and TF7




Modelling of TF10

Name Value
-I General
D Phase_1 N .
Start from phase Initial phase - Soil - User-defined - GW1
Calculation type ¥ Plastic -
Loading type Staged construction - = = fl]
5]
Maage 1.000 General Mechanical Groundwater Interfaces Initial
Myighe 1.000
Pore pressure calculation type = Phreatic - Property Unit Value
Time interval 0.000 day User-defined model
First step DLL file 1ij 120plaxis_3dexpé4.dl
Last step ) )
Spedial option 0 Model in DLL NoTension/Subloading tij AF +
-1 Deformation control parameters User-defined parameters
Ignore undr. behaviour (A,B) O ;_ 0.03250
Reset displacements to zero 1.600E-3
13 X -
Reset small strain
Reset state variables O R 5.000
Reset time O N (void ratio under atmospheric pressure) 0.3640
Updated mesh a v (Poisson ratio) 0.2000
Ignore suction
Cavitation cut-off O Beta  (Shape of yeild surf. Beta>1.0 is recommended) 1.155
Cavitation stress ey  (void ratio under initial stress) 0.2450
ical control p ¢ [Density] a 400.0
Solver type Pardiso (multicore direct) ~ ~
[Density] k, 10.00
Max cores to use 256
Max number of steps stored 1 [Bonding] Q_q 0.000
Use compression for result files O [Bonding] b 0.000
Use default iter parameters D [Bonding] kb 0.000
Max steps 1000
Tolerated error 0.5000 [unit] Pa (Atmospheric pressure) [Be careful of what unit system you use] kN/m2 100.0
Max unloading steps 5 [IC component] wgtIC 1.000
Max load fraction per step 0.01000 [1C component] powerIC 2.000
Over-relaxation factor 1.200
>V val| Max number of iterations 60 [Advanced] SplitStrainFlag (You should let it be 0.0.) 0.000
’é:&»‘” ~ A Desired min number of iterations 6 [Advanced]leg] &g, 0.000
s"‘ ANy, a"‘a“ Desired max number of iterations 15 [Advanced][eg] Z ¢ m 0.000
‘\V“ A 4F P Arcdength control type Auto -
NS \ AN, ¥ AV [Advanced][e o] € pay 0.5510
F\‘ ‘V‘ (NP AN ‘V ~ /4 ’ Use subspace accelerator
AV AV A, A v
A‘(‘ &\‘g ) Subspace size
4\ N\ Next oK Cancel
Use line search
Use gradual error reduction O




Settlement (cm)

Load-settlement

Applied Pressure (kPa)

600 800 1000 1200 1400
~ - \ ””””””””””””””””””””””
~
=~ S~
O o
A N
= \
15 ormmrmmmms s N <
O
N\
20 G- - \ 7777777777777777
\
O TF-7 Vertical Displacement
25 | o
O  TF-10 Vertical Displacement
30 = = PLAXIS TF-7 Vertical Displacement | - -
O
PLAXIS TF-10 Vertical Displacement
35
GRS Pier R? R CoV SRS Cv SRS/CoVv
TF-7 0.96413 0.98190 150905 1.73E+05 0.883934 | 1.145405
TF-10 0.99046 0.99522 16753 3.72E+04 0.720752 2.22
Average 0.97730 0.98856




Lateral Deformation TF7

Horizontal Displacement (in) Horizontal Displacement (in)
000 0.02 004 006 008 010 0.2 014 0.16 018 0.20 0.0 0.5 1.0 15 2.0
0 1 1 1 1 1 1 1 1 1 0 L L -
O 93 psi
A + O  6psi (measured)
********************************** (measured) o 111 psi
< 13 psi psi
E (measured) ’§ (measured)
= F+ e o 19 psi - X
Tg" (measured) g O 130psi
5 A 25psi s (measured)
”””””””””””” (measured)
g g A 148psi
‘é’ Horizontal Displacement (in) £ (measured)
e 2
2 0.0 0‘.1 0‘.2 0‘.3 O‘.4 O‘.S O‘.6 < — — —123.07 psi
2 0 S (PLAXIS)
© 3
z = o 137.5 psi
(PLAXIS)
= | NN N NN 152.4 psi
E (PLAXIS)
g 162.5 psi
) (PLAXIS)
80 § 80
g (measure
2 d)
§ +  75psi
o (measure
o d)
— -+ —31.06 psi
(PLAXIS)
— — - 40.66 psi
(PLAXIS)
----- 62.0 psi
(PLAXIS)
80




Distance from top of wall (in)

10

20

30

40

50

60

70

Lateral Deformation TF10

~N
o

Horizontal displacement (in) Horizontal displacement (in)
0.00 0.02 0.04 0.06 0.08 0.10 0 1
1 1 1 1 1 0 I
3 psi o 32 psi
(measured) (measured)
e R R 8psi 10 15 & 34 pSl
a . - o oA (measured) T | o Q. A (measured)
e N ,\, . ~,,§,~,\,:_,,~ ,,,,,,,,,,,,,,,,,,, 10 psi ;20 Q O Tt."""'"‘ﬁ..;;""i ) =S (@) 43 pSI
o ~ .:' o A ......... -~ -~ (measured) ‘;“ = o O B ~c= AN (measured)
. s PR — _-- -
o T 11psi o,y | Sl e R A 52 psi
1 [ i P oA (measured) 8'30 ) © A (measured)
’ - I
,', / Horizontal displacement (in) € ! ! - - - - 425psi
8 Y S A P 240 [ S (PLAXIS)
/ ’ 0.0 0.1 0.2 0.3 - : ,
/_/ <>, K o A 0 ‘ ‘ ‘ e //O A 36.16 psi
I R L 850 - fiie TR R (PLAXIS)
. . 2
LS 10 a | /i e 26.8 psi
s 5 = O O (PLAXIS)
] gl A = ~B.00.__A %0 A |
:20 '~ :""1"':-~.: Sec--__ 23.37 psi
g O >0 0 K- 70 (PLAXIS)
8_30 ””””””” , - E’ - ’()l, AT Qs AN ] (measured)
+ 1 - = = - 16.96 psi
T N A P R (PLAXIS)
= L 12 psi (PLAXIS)
g oo o ) A )
&50 |- Pl
2 // ----- 9.85 psi
A L7 (PLAXIS)
60 -S> AN 7.7psi (PLAXIS)
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YZ cross-section
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Geotextile Force Distribution in TF10

N, (in-plane force, kN/m) Q4, (in-plane shear, kN/m) - Right
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Summary and Conclusions

* Using machine learning, optimization of parameters should be
performed for both triaxial compression and consolidation tests with
appropriate weighting for each



Summary and Conclusions

 Combined FEM with other methods (MPM/SPH/DEM?) may be
necessary to consider spalling of soil in unfaced GRS columns
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TF-10 at failure with S, = 15% inches, T,= 4,800 Ib/ft, and VDOT 21A material. (Nicks et al., 2013)
Page 28

Schematics of deflection instrumentation for mini piers (a) with facing and (b) without facing. (lwamoto, 2014)




Summary and Conclusions

* Beginnings of shear planes can be seen in deviatoric strain plots despite
use of associated plasticity in Subloading t; model



Summary and Conclusions

e Stress development primarily occurred in the central geotextile
reinforcement layers
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