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Evaluation of the effect of micro-parameters on the macroscopic properties of cemented
granular soils
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ABSTRACT: One of the bonded contact models that is used to simulate the cemented bonds formed
between soil particles in a cemented sample in the discrete element method is the “flat joint” model. There
are numerous micro-parameters required to define this contact model between particles in the modeling
and the effects of each of these parameters on the material response are not clear. In this research,
after performing large-scale static and dynamic triaxial tests on cemented gravel in the laboratory, they
were simulated as a granular assembly in which the flat joint contact model exists at all grain-grain
contacts. Then, a sensitivity analysis was conducted to determine the effect of each micro-parameter on
the macroscopic response of cemented samples and to specify the most impressive micro-parameters in
order to simplify the calibration process. A regression analysis of the numerical results was performed
to quantify the relationships between the micro-parameters and the mechanical properties of the sample.
The results show that the maximum and residual shear strength of a sample are mainly dependent on
the flat joint cohesion and stiffness ratio. The effects of elastic modulus and stiffness ratio on the initial
tangential modulus and shear modulus are significant. The Poisson ratio is affected by the flat join
cohesion and stiffness ratio. The damping ratio depends more on the elastic modulus. These results
can be used as a guide for modeling the behavior of brittle materials in the discrete element method. A
comparison between numerical and experimental test results of cemented granular specimens revealed
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that the model was able to capture the softening behavior of these materials with good accuracy.

1- Introduction

A cemented soil is a soil whose particles undergo
cemented bonding as a result of natural or artificial processes.
However, the data was derived from a series of experimental
tests based on macroscopic measurements, meaning the
soil’s micro-scale behavior could not be investigated. Hence,
numerical methods that enable the micro-scale analysis of
materials’ behavior can be adopted to simulate the behavior
of cemented soils. The discrete element method (DEM) is a
powerful numerical method for investigating the behavior
of cemented granular soils. The application of the DEM to
represent the behavior of cemented granular soils depends
heavily on the bonded contact model. One of these models is
flat joint contact. A flat-joint contact simulates the behavior
of an interface between two notional surfaces, each of which
is connected rigidly to a piece of a body. The interface is
discretized into elements. Each element is either bonded
or un-bonded, and the breakage of each bonded element
contributes to partial damage to the interface.

The basic micro-parameters of the flat jointed materials
include particle (particle density, ratio of maximum to
minimum particle radius, elastic modulus, normal to shear
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stiffness ratio, and friction coefficient) and bond model
parameters (number of elements, elastic modulus, normal
to shear stiffness ratio, friction coefficient, bond radius
coefficient, tensile strength, cohesion, and friction angle
or internal friction coefficient). The sensitivity of a contact
model is analyzed with a variance analysis at a significant
level of 5%.

In this research, large-scale static and cyclic triaxial tests
were performed on cemented sand samples (2% cement) in
drained conditions. Then, the DEM model was calibrated
with the obtained experimental results. To study the effect
of the model micro-parameters on the behavior of the
sample, the sensitivity analysis of macro-parameters, such
as maximum and residual shear strengths, initial tangential
modulus, Poisson’s ratio, shear modulus and damping ratio,
to microscopic factors (elastic modulus of particles and bond
(E,), ratio of normal to shear stiffness of contact and bond
(K), coefficient of friction (p), bond cohesion (C), bond
tensile strength (o) and bond friction angle (¢)) was done.
The micro-scale factors affecting the macroscopic response
of cement materials were determined and the quantitative
relationships between them were expressed using regression
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Fig. 1. Analysis of variance results for macro-parame-
ters

analysis.

2- Methodology

In this study, well-graded gravelly soil with sand stabilized
with 2% cement was used.

The static and cyclic triaxial tests in consolidated drained
conditions in the laboratory were carried out on cylindrical
samples with a diameter of 150 mm and a height of 300 mm
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at a porosity ratio of 0.42 and a confining pressure of 300
kPa. Experimental tests have been carried out according to
Table 1.

In PFC® software [1], the specimens were generated
as sets of dry spherical particles assembled in a cylindrical
mold with a diameter of 150 mm and a height of 300 mm
with flexible lateral boundaries and a void ratio of 0.42. The
cemented materials were defined as a collection of granular
materials to which the flat joint bonded contact model was
assigned for all particle-particle contact. A linear contact
model was applied to any new particle-particle contacts that
might have formed during the triaxial test. Flexible walls
were used as the boundaries for the cylindrical mold. The
specimen’s top and lower planes were non-frictional rigid
planes.

The orthogonal experimental design method was used to
calibrate the mentioned micro-parameters [2, 3].

3- Results and Discussion

To determine the sensitivity of peak and residual shear
strengths, initial tangential modulus, Poisson’s ratio, shear
modulus and damping ratio to E , K, p, 0, C and, ¢, variance
analysis at a significant level of 5% on the response of
the model was done. The F and p values of the mentioned
parameters are given in “Figure 1” for the assumed variables.
B shows the influence of the independent variable on the
dependent variable (the relative contribution of each factor in
predicting the dependent variable), which is also specified in
this figure. After the sensitivity analysis, regression analysis
was used to quantify the relationships between the dependent
variables and the effective independent variables, and the
obtained relationships (relationships | to 6) are summarized
in Table 2.

The calibrated micro-parameters for DEM simulations
are listed in Table 3.

It can be seen that the numerical model has been able
to present the brittle behavior of cemented samples. The
volumetric strain-axial strain diagram obtained from the two
methods shows a good compatibility with each other. The
maximum dynamic shear strength and shear strain of the
samples are very close to each other.

4- Conclusions

In this research, static and cyclic triaxial tests on
cemented samples were conducted in the laboratory, and
then they were simulated by PFC3D software (version 6).
The most effective micro-parameters for maximum and
residual shear strengths, initial tangential modulus, Poisson’s
ratio, shear modulus, and damping ratio of the simulated
samples were determined by the sensitivity analysis method.
It was found that the maximum and residual shear strengths
are mainly dependent on the cohesion and stiffness ratio.
The effect of elastic modulus and stiffness ratio on the
initial tangential modulus and shear modulus is significant.
The Poisson’s ratio is influenced by the stiffness ratio and
cohesion. The damping ratio depends on the elastic modulus.
After sensitivity analysis, regression analysis was used to
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Table 1. Experimental tests schedule

Test Sample Void ratio  Confining pressure Description
Statlc;etsr;a)(lal Drained, strain controlled

S Cementeq rounded 0.42 300 kPa Dramed', stres_s contro!led, 1
Cyclic triaxial particles step sinusoidal loading-

test unloading, and includes 40

cycles

Table 2. Quantify relationships for the macro-param-
eters

G e [KP2] = 0.011E, [MPa]+1275 1 — 444K +10.750, [MPa] (1)
+36.375C[MPa]+30¢[deg.| -3110.077
4, [kPa] = 0.006E, [MPa]+5551—177.5K +6.55, [MPa] {2)
+20.825C[MPa]+16¢p[deg.] -1726.231
E,[MPa]=0.044E [MPa]-177.51-444K +5.50 [MPa] |(3)
—5C[MPa]+15¢[deg.]+217.865
v=5x10"E, [MPa]-5x107 41+0.125K -9x10” o, [MPa] (4)
+5x107 C[MPa]+4x10 p[deg.| -0.42
G[GPa]=4x10"E [MPa]+551—19.5K +1.250, [MPa] (5)
+0.7C[MPa]+1.7¢[deg.] -198.154
D[%]=3u+1.15K +0.1130,[MPa]—-4.5x107>C[MPa] 0) (6)
+0.12¢0[deg.] +20.454

quantify the relationships between dependent variables and
effective independent variables. Using the driven relations in
predicting the macro-parameters of the cemented sample can
be useful.
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Table 5. Upper, mean, and lower limits of flat joint model micro-parameters

QoY) PR buwgin > YU o>
ool ly3 Ko s als o ” ’
) -\ . +)
o
Js E. GPa Y £ "
S|
(ST Cgorind K= ku/ks \ Y Y
o ol
il M A JF o
S ol
c Ge MPa ¥ A Y
M
&S S C MPa A \ \Ye
asal;
291 0 o Y Yo Y.
Shol!

Gl g o Sl gl a5 0k ol s 4 4o L

YA] i bl | sy debate sl gy 5 edlitl |y ygmel ullS
Yo,

» Lol Jole 2 dl).g olio 0dgaze pusi o5 &9‘ «U¥9) U"‘ 5
J2olis 239100 dlne Sl (o ytolyly g ALBIS linios gl yolul
ialesl )b Sy Jole po 03ga5xe (i | oy 9500 e Jols o
Ay Jale ya dly o b ol ) g0 pldl 6 Sy
J Slasgoons 0 Jgan ) (e Jilis g bawgio STas) 3550 485
eSS (o0 o pai |y (g (oled Jae S &S (il il bg S
ol 0 03] e (Y ) o i g awgio b 3)

Al (Ao "“’9"‘“) Ailogw (aub sladiged sba gilwdnds s
5 B oo cogmlsy s cadgl wlae Joo cdilowy (o5 Cuoglie
Joia > Joe slo el alS” (gl o 8] dans a3 ((alee o
ol o 039l & IS5 ;5 0

1 orthogonal experimental design

Y59

Slgien 9 3,18 Jae )8, 65 @lpd JBs (8 e ol
Sl 10V 39 48,5 55,5 oo 3 55k Y50+) o s
Ol Sy 9 oy diged ojluil (6230 g (225 @S HE5 amlie
oS5 55U 5 Jde o alyd eleds JBls a4y xS las s b a3 5 )l o
Wged Hlad Cau Dgub oo LBl SY0lre 1 53,0 o g ilwand slagwl
2l 238 o ) o Sis K lSag Slo olss (555 )3 Lawsio b &
Oy sl o s o) By St cla S sg 45 Smd o it
e Sy 4 ol 0den B0 5l Gy Cmd il By Iy 9 (oxs
5] ¥ s o) el Me Bl cpllty g e | San ol
Jly e S & 551 la Sy o 39 Jols liuabl b 3550
DY) Sg 0 1, S0n

e 3 slad g (ame Ca 3 dign Syde Jab slaglall ol
> SipgSio Slo by 5 (s393x0 o ) s Jll gl
Do oo Bl awyp D50 (gl piiio Cand 1 opl by [VY]

wSTyie dlogs dges ;0 (S gub &S Cuwl ol (5,8 lds oyl jo
S¥o &9 )l game Jlail (owles Jao )3 Lo peled don 5 3,85 392
18 loww 4 Ol G g loww 2o 3 ¥ b diged (gl A g Al
Copd g (yo Juo /D) @l ylad lawgie 4y s gi b oo Llsd +/Y L ol y
VEY )3 oy Sy S el adgl alols Sl o(+/Y) Wg gl

el Cawd 4 yo Lo



FYV. U FYOY daxaw N F-) JL»: AR b)L@fB OHY 0)92 s).:.S).:.nl ul)o& LS“’W 4.3)“-4

oc --m-C - 0
2~ 2 -
1.5 4 _m = 1.5 A
g - 5
E -
€ 14 e <0
E - %
= -
0.5 4 " é‘ 0.5 4
0 T T T 1 0 T T T 1
-2 -1 0 1 2 2 -1 0 1 2
Level Level
o I
2 A 2 A
1.5 A 1.5 4
s =
£ 1- =g
s =
0.5 - 0.5 -
O T T T 1 O T T T 1
-2 -1 0 1 2 -2 -1 0 1 2
Level Level
K c
2 7 2 -
1.5 4 1.5 -
[—} =]
e 11 O 4
a8 o
0.5 A 0.5
O T T T 1 0 T T T 1
-2 -1 0 1 2 -2 -1 0 1 2
Level Level
5 o

b (o2l e o (9 9 (o032 S0 (0 cgmly S (3 eyl omolos Jgto (& ilommy (ot Canglie (0 ey (oab 2 Cngli (] ol ks > JSCd
Jao (sl el sl 5w gl
Fig. 6. The variation of a) peak shear strength, b) residual shear strength, c) initial tangential modulus, d) Poisson’s
ratio, e) shear modulus and f) damping ratio versus micro-parameters levels

Y5y



e Cand g Loy Jgde gl Cons adgl (ouloo Jgte ilowy
2o 0 sy BB o )3 (uibly Jlos @ g BecKepeoe C &
2 Byl See cnl 1 So o flly 5 ad el b Jue Gl s,
3y90 0 yiie Lz illy Jelod jl Jols p g F jslie pold o Jio Gy
2 FeblsSee Sl &5 A8 oo et (F L) pylade .25 )5 0bj))
Ao (xS P L) yutn Fjlade 8 b conl a2 B 951e Gy
Bl [ 0L plp b S p e STocunl pite 53 el S 350
e g0 ol b 3 ful lus Jole (pl 4y e 4 398 0 e
VISS 5o Jelge g B jslie i ooy yS03S5 5l Jibne Jale
“cly yr Jio yite ;50 B Casl 00 0351 (950 (slb yite (5],
Ol )3 88 3o (LS ) (Al puite (i )3 Jolo (s o)
O S ) oo el Lo 1y ol 0035 jasele ji IS5
@ fye Jdtus slajiie 5 diuly (loyiie o kaily) (03)5 (o5 Gl
sl 035 03)g ¥ S5 13 (5 1) Lalgy) ok Lol Ly, 48 ) 1S

D900 Pl gmaslpllS Sl 5 (gldingg (sl Bidos Syl adllae

Al (B Cand g (S 4 Slowy 5 Al (D Cenglie
FO U YD ) (Sawme Sl b cwl yieS Jolse plo 5l g aiws
g-LE0 g T/ yiSlus Caaglio Y ) 1) i o g (JISlSS
s 5 SVl o 31 LS oy =/XY 5 FAVEA Silowsy Conglie
Lo gty ol o Jo 3 tCesl dr 5 1 eyl olas Jyao cs; (5
2o WY iy @ M BV K g Ee golaw yui b .yl (65,
sy Jode g o0 Sl cwlee Jodo pd (EalS ao > VWY 4 iol58l
Ec Ll b .cwl K g Ec Jole 50 13l cov awloe Jgto dlo ju
LaS Jb ol o il o YAD LSy Jodo Y+ & V= o
5 o Comd A8 o Iy ialS Mo d YO b Jode K iul3el
OBl &S sk 4 Bl oo odmlie BB (el Cund (g9) (SN
Caus (ghuoyd A g WA (0158] & e S 5 (5w Cawd
e o 15 (6 518 sl U 2> elge ol g 39500 (gl
Dy S daly b g 039 SVl Jodo 5l vy

B (%) BF (%)

Qpeak ¢ b p=0.73
C Bliiiimm p=0.00
o¢ | p=0.99
LB p=0.65
Kz p—0.002
Ec i p=0.91
100 50 0 50 100
G, [KPa] = 0.011E, [MPa] +1275 11— 444K +10.755, [MPa]+36.375C[MPa]+30¢[deg.] -3110.077 ")
o
Cres ¢ U p=0.82
C b2 777 p=0.00
Ge | p=0.99
u by p=0.52
K p=0.003
Ec i 'p=0.92
100 50 0 50 100
q,., [kPa]=0.006E. [MPa]+555.—177.5K +6.50, [MPa]+20.825C[MPa]+16¢p[deg.] -1726.231 ™

<

FrsY



57

acC

K p=0.7
p=0.58

Il p=0.88

LB p=0.74

Ec

p=0.001

::x;::x;::xﬂ pZO.OO
T

-100

=50

0 50 100

E,[MPa] = 0.044E, [MPa]—177.5u—444K +5.55, [MPa] - 5C[MPa]+15¢[deg ]+ 217.865

c

U p=0.93

2227 p=0.00

| p=0.74

KB p=0.98

Ec

etz p=0.001

I p=0.74

-100

-50

0 50 100

v=5x10"E,[MPa]-5x107 1£+0.125K =9x107 5, [MPa]+5x107 C[MPa]+4x 107 p[deg.] - 0.42

S

k1 p=0.55
k4 p=0.55

i p=0.83

Wopa p=0.43

Ec

p=0.003

::x;::x;::x;m pZO.OO
T

-100

=50

0 50 100

G[GPa]=4x10" E [MPa]+551—19.5K +1.250, [MPa|+0.7C[MPa|+1.7¢[deg.| -198.154

4

\alas

QD)

9]

)



D ¢ Lﬂ p=0.44

c

aC

p=0.17

i p=0.56

B p=0.44

Ec

ed p=0.009

7 p=0.00

-100 -50

D[%] =3u+1.15K +0.1130, [MPa] - 4.5x10>C[MPa] +0.12¢[deg.] + 20.454

0

9

50 100
*

(5 comlow Jgaa (g 9 low (ond 52 Croglis (0 cdilas (02 Cenglio (I)( Whumsly (510 yuiie (s ) 9 Sl Joodi Y JSUS
e 5 (o210 Comnd (5.9 (22 Jgite (0 c0oguolyy Connd
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Table 6. Calibrated model parameters
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Fig. 9. a) Deviator stress- axial strain, b) volumetric strain- axial strain, and c) shear stress- shear strain curves of
the experimentally and numerically cemented gravely specimens
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