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ABSTRACT

In order to increase the strength and deformation properties of coarse aggregates, the polymer
was used as an additive. In this study, a series of triaxial tests were performed to analysis the
effect of polymer content on the strength, deformation, and critical state of rockfill aggregates.
It is found that the deformation properties are the same for different polymer contents.
As the polymer content increases, the peak stress increases, and the volume strain decreases.
The addition of polymer mainly led to inducing cohesion in rockfill aggregates while showing
a marginal influence on friction angle. The average effective stress, which considered the co-
hesion of polymer as additional effective stress, was modified. It was observed that the critical
state envelopes in g-pj. and e-p). were not much influenced by the addition of polymer.
A state parameter is used as a function of void ratio and pressure. A boundary surface model
of polymer rockfill aggregates based on the critical state approach was proposed. The per-
formance of the model is demonstrated by the results of triaxial tests. The study shows
the model could effectively capture the influence of polymer contents and confining pressures
on strength and deformation characteristics of rockfill aggregates.
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Introduction

The reinforced soil has been widely used as it can significantly improve the strength of
the soil and reduce the deformation. Depending upon the form of reinforcement, it can be
divided into two types: (1) planar reinforcement and (2) 3-D reinforcement. In the first
type, the reinforced material and the soil are in planar contact and are arranged in layers,
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such as geogrid and geotextile.'™ The reinforced soil obeys the Mohr-Coulomb strength failure criterion, and the
friction angle remains unchanged or slightly improved after the geogrid installation. The effect of reinforcement is
mainly reflected in the quasicohesion of the soil. The reinforcement mechanism can be explained by the concept
of equivalent confining pressure.”® The reinforcement effect increases as the axial deformation increases.

The other type is 3-D reinforcement, which provides better contact between the reinforced material and
the soil. It is either arranged in layers or evenly distributed in the soil. This type can be divided into two categories:
(1) distributed fibers or blended cementitious agents and (2) cellular material derived from polymer fiber, glass fiber,
and geocell.”™"! The strength of the reinforced soil is related to the content, shape, and size of the reinforced material.
The effect of fiber reinforcement is mainly reflected in the friction angle, which has little effect on the cohesion.
The other type is binding materials such as cement, fly ash, polyurethane chemical grouting materials, etc.'**®
These materials bind the soil particles together to increase the cohesion, thereby improving the shear strength,
improving the deformation characteristics, and resisting liquefaction characteristics. In the case of low content
of cementitious materials, the static mechanical properties of cementitious or fly ash materials are similar to those
of soil. After reinforcement, the friction angle of soil remains almost constant, whereas the cohesion and shear
modulus show substantial change. The bonding effect is related to factors such as cement dosage, water-cement
ratio, pore-to-cement volume ratio, particle shape, particle arrangement, and sample density. Compared with fiber
reinforcement, cement reinforcement induces brittle failure in soils. Fiber reinforcement has no obvious influence
on the initial elastic modulus of the soil, and cement reinforcement significantly improves the initial elastic modulus
of the soil."”

With the development of science and technology, chemical grouting technology has been widely used in
engineering projects. At present, such technologies are mostly used for seepage prevention and foundation
reinforcement of dam and levee works. Common grouting materials are cement, clay, polyurethane, and epoxy.
Among them, polyurethanes are widely used in engineering. Owing to the convenience and high shear strength,
rockfill have been widely used in hydraulic engineering, civil engineering, and transport engineering, among
others'®2° The strength and deformation properties have also been studied. In some special cases, polymer
are injected into the rockfill to improve the strength and settlement deformation of rockfill*'** The mixture
of polymer and rockfill is called polymer rockill, and it can effectively reduce its long-term deformation and
reduce it by more than 70%.”*

Duncan Model is a typical nonlinear model, which has been widely used for simulating rockfill because of its
simple formula and easy parameter acquisition.”® However, the model cannot reflect the anisotropic and dilatancy
properties, and the model based on the theory of elasticity can make up for this shortcoming, such as Pastor-
Zienkiewicz model.”” However, when the model considers the pressure correlation, its parameters are influenced
by the average main stress, and there are some limitations in the application of high earth and stone dam static

and dynamic analysis. Some constitutive model** "

considering the state concept and particle breakage have been
proposed. Another model with more research is one based on boundary surface theory. The model has great
advantages in describing the nonproportional loading and antho-heterogeneousness of soil. The model allows
plastic deformation within the boundary surface, avoids the mutation from the elastic state to the plastic state, and
can better describe the stress response within the boundary surface.*' >’

In this paper, rockfill aggregates mixed with polymer are proposed for the seismic strengthening of high
earth-rock dams. A series of laboratory tests using triaxial apparatus are carried out to study the strength and
deformation characteristics of polymeric rockfill under different polymer contents. The constitutive relations with

reference to bounding surface and critical state behavior are also discussed.

Laboratory Testing

The triaxial apparatus, which can accommodate a rockfill specimen with 100 mm in diameter and 200 mm in
height, was used. The maximum cell pressure is 1 MPa, and the maximum axial loading capacity is 60 kN.
The coarse-grained material was collected from a quarry in Nanjing, China. The grain size distributions of
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FIG. 1 Grain size distribution and triaxial apparatus for tests. (A) Grading curve and (B) triaxial apparatus.
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the material and triaxial apparatus are shown in figure 1. Based on values of coefficient of uniformity and
coefficient of curvature (C,=11.5, C.=2.98), the rockfill was classified as well-graded material. The density
is 1.81 g/cm’®, which is relevant to placement density in the field.

The polymer material used in the test was a binary mix of polyurethane foaming agents with mix proportion
of 1:1. These agents are categorized into Class A and Class B materials. The Class A material is a dark brown
transparent liquid with isocyanate composition. The density is 1.2 g/cm’. The Class B material is a yellow
transparent liquid composed of a combined polyether. Its viscosity is higher than Class A material. The density
is 1.1 g/em’. Both A and B materials are stirred and mixed to prepare uniformly blended mix with the ratio
of 1:1. In order to measure the influence of polymer material on the mechanical properties of coarse material,
the polymer content R, is defined as follows:

M,
R, = My 0]
where M, and My are the masses of polymer and coarse aggregates, respectively.

The polymer and rockfill material were divided into five portions. Each polymer Class A and B portion
are mixed first, then mixed with each rockfill portion, and finally poured into the split cylindrical mold for com-
paction to the preset height. The mix was then compacted to the preset height. The prepared test specimens at

varying polymer content Rp of 0-4 % are shown in figure 2. The specimen (Rp =2 and 4 %) was saturated by

FIG. 2

Test specimen showing a
range of polymeric
rockfill aggregates.
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vacuum, with a negative pressure of 0.1 MPa and pumping time of 1 h. Then, the sample was placed inside test
chamber. The specimen (Rp = 0 %) was directly placed inside test chamber. Before commencement of monotonic
shear test, the sample was saturated by allowing water to pass through the base of the triaxial cell under a back
pressure of 10 kPa. The monotonic shearing rate of displacement was determined to be 0.6 mm/min.** Four
different values of external confining pressures were selected (i.e., 65=0.3, 0.5, 0.7 and 0.9 MPa) in order to
resemble the in situ stresses.

Results Analysis

STRESS-STRAIN AND VOLUME CHANGE RESPONSE

The stress—strain and volume change behavior of rockfill aggregates at different polymer content Rp of 0 %, 2 %
and 4 % are shown in figures 3-5, respectively. It is evident that the deviatoric stress—axial strain relationship is
nonlinear. The strain-softening is not obvious at low confining pressure. As the strain increases, the stress even-
tually tends to a stable value. From the volume strain-axial strain relationship, it can be seen that the sample is
generally compressed with no sign of substantial dilation. As the monotonic shearing is continued until the axial
strain reaches about 25%, the deviatoric stress and the volume strain exhibit a stable value, indicating the critical
state. As the polymer content increases, the peak stress increases, the volume strain decreases, and the strain to
reach the critical state increases. This is because of the polymer fills the voids of the rockfill and participate in the
stress transfer across interparticular contacts. The bonding force between the rockfill increases during the loading
process compared with rockfill without polymer. Subsequently, the deviatoric strength increases, and the volu-
metric strain decreases.

Figure 6 shows the test results for rockfill aggregates mixed at different polymer contents within the given
range of confining pressures (¢} = 0.3-0.9 MPa). It can be seen that the deviator stress increases with the increase
of the polymer content and the influence of the polymer content in the low strain region is greater. As the axial
strain increases, the influence of polymer additive seems to gradually decrease. The main reason is that with the
increase of axial strain, the deformation between particles increases. The bonding force caused by polymer is
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FIG. 4
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gradually destroyed. After the bonding force is destroyed, the action of the polymer affects the friction coefficient
between the particles. Because of the low content of polymer, its influence on the friction coefficient is also small.
The residual strength of rockfill with polymer content of 2 % is almost equal to the residual strength of rockfill
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FIG. 6

Stress-strain volume
behavior of rockfill
aggregates with
different polymer R,.
(A) Confining pressure
¢'3=0.3 MPa and

(B) ¢'5=0.9 MPa.
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without the addition of polymer, i.e., R, = 0 %. This is mainly due to the fact that adhesion between the particles at

the lower strain can play a greater role in strength, but when the axial strain is very large, the adhesion between the

particles is destroyed. The volumetric strain decreases with the increase of polymer content. The difference of

volumetric strain of polymeric rockfill between R, =2 % and R, = 4 % at low confining pressure is small, and the
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difference increases with the increase of axial strain. At larger confining pressure, the difference in volumetric
strain between polymer content 0 % and 2 % is small, and the difference gradually increases with the increase of

axial strain and eventually approaches a stable value.

CRITICAL STATE LINE IN g-p’
In order to capture the effect of adhesive polymer, the concept of modified average stress is used, which considers
the effects of cohesion and friction angle. The modified average effective stress p. is expressed as follows:

Ppe=p +c /tan(¢p) @

where p’ is the average effective stress (kPa), ¢’ is effective cohesion (kPa), and ¢’ is the frictional angle (degree)
defined as follows:

’

¢ =y~ Dp'log(p'/p,) @

where ¢’ is the initial effective frictional angle (degree), A’ is the increment of internal frictional angle (degree),
and p, =101 kPa is the atmospheric pressure used for the purpose of normalization.

The polymer effect can be called additional average effective stress (Ap’ = ¢’/tan(¢’)). The strength param-
eters of coarse rockfill aggregates mixed with and without polymer are listed in Table 1. It is evident that the
polymer content mainly influences the cohesion. The values of frictional angle are less affected by polymer
content.

The critical state lines of the aggregates-polymer mix are plotted in the p/,.—q plane as shown in figure 7, and
a linear equation can be used to illustrate the evolution trend. It is apparent that the critical stress ratio
(M= q/pj.=1.66) is constant for different content of polymer rockfill.

TABLE 1
Strength parameters of polymeric material

R, ¢, kPa @0 ° Ag',°
0 % 0 49 10.1
2% 70 494 10.7
4 % 113 50.6 10.6
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CRITICAL STATE LINE IN e-p’

Because of the significant particle breakage under high stresses, the critical state line of e-p’ no longer remains a straight
line but presents a nonlinearity corresponding to the increase in confining pressure. In tests, the polymer content is very
small, which cannot completely fill the pores between the particles. The initial void ratio e, is calculated as follows:

€y =— 4

where V,, is the volume of voids, and V; is the volume of solids.

The polymer can be considered either as voids or as solids. When the polymer is considered as solids, the total
volume of solids V is the sum of rockfill aggregates V;, and polymer V,. The volume of the polymer V, is calculated
according to the polymer content (Vy, = m,/p,,,, where m,, is the mass of polymer in the sample and p,,,, is the
average density of polymer). Therefore, two types of critical state void ratio can be defined. The critical state enve-
lopes of polymeric rockfill are plotted in the e-(p,/, p4)"” plane as shown in figure 8. It has been shown that there is a
good linear relationship. The expression is given by Li and Wang™ as follows:

"\¢
P
€cs = €0 — As <f )

a

where e, denotes the critical state void ratio, and e, and A, are dimensionless material constants. The parameter
£=0.7 is used in this study, which shows good resemblance to the laboratory data.

According to figure 8A, the critical state lines of different polymer contents are parallel to each other, and
their intercepts e increase as the polymer content increases. However, when the polymer is considered as solids,
the content polymer has little influence on the critical state line, as shown in figure 85.
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Bounding Surface Plastic Model

Many state indexes are proposed, such as void ratio state parameter and pressure index.’®*” The state parameter
I, proposed by Xiao and Liu™ is adopted for consideration of the particle breakage characteristics of rockfill.
The expression is as follows:

!
_ ¢ Ppe

- !
Ces P cs

ep (6)

where p. =p, (%)1/ 07, The elastic shear modulus G is correlated with the void ratio and stress state, which can

297 —e€)? |p,
G=g, 27" [P ”
1+e Pa

where G, is the material constant, and e is the current void ratio. The loading surface takes the following form>®:

be expressed as follows:

’ _ q N _ ln(pc/plgc) _
f(ppc’ q’pc) - <MCSPI,,C> InR =0 (8

where p. is an isotropic hardening parameter, g is deviatoric stress, and R and N are material constants,
respectively.

The unit normal vector at the image point defining the direction of loading is defined as follows:

= <_ch <1 - I/NXIH<I€ZC)>>/\/<_PZC (1— 1/Nx1n<2c>>>2+1 ®
n{:l/\/(—i(1—1/Nx1n<p%)>>2+1 (10)

The plastic potential defines the ratio between the incremental plastic volumetric strain and plastic shear

strain. The form used here is
d=(Mj—n")/2n (1)
where d is dilatancy; My = M(1+kdog(I.,)); and n = q/p;. is the stress ratio. The unit vector of plastic flow is
defined as follows:
(M3 =n*)/2n
VI+ (MG =n?)/2n)
g 1
s = 2 2 2
V1+ (M3 =n%)/21)

n§ = (12)

(13)

The plastic modulus H, is defined as follows™:

I My,—n 1
H, = (h; — hye L ) e juu (14)
p=( 20)( 2 no (1+n)
where h; and h, are material constants, respectively; My = M (1+kplog(l.,)); and e, is the initial void ratio.
Based on the assumption of the nonassociated flow rule, the increments of elastic and plastic strain in the
bounding plasticity theory can be expressed as follows:

Journal of Testing and Evaluation
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FIG. 9

Test and computed 2.0
results of polymer
rockfill. (A) Confining
pressure ¢'3=0.5 MPa
and (B) ¢'3=0.9 MPa.
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where B is the bulk modulus.
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Model Simulations

Figure 9 shows the results of monotonic drained triaxial tests and model simulations of polymer mixed rockfill
aggregates plotted in the -&, (17 = q/p;) and €,-¢, planes. The material parameters and state variables considered
for the simulations are Gy =345, u =0.3, ¢/ =0, 70, 113, ¢’ =49.5°, Ap’y = 10°, ¢, = 0.50, e.o = 0.60, A, = 0.025,
k;=0.01, k, =0.01, M= 1.68, h; =0.07, h, = 1.0, R= 6.5, and N = 2 for the different mix proportions. The test
data are presented with an open symbol, and the model simulations are the continuous lines. There is a very good
fit between simulation and experiment. The model can reasonably reflect the strength and deformation character-
istics of the polymer rockfill and the influence of the polymer content. With the polymer content increase, the
strength of the polymer rockfill increases, and the dilatancy increases.

Conclusions

In this paper, a combined laboratory and constitutive modeling approaches were adopted to evaluate the triaxial
response of rockfill aggregates mixed with a polymer. The stress—strain and volume change behavior of polymeric
rockfill at different polymer contents of 0 %, 2 % and 4 % were observed. The results revealed that the strength and
deformation characteristics of the polymer blended rockfill aggregates are substantially different from those of the
conventional coarse aggregates without the use of the polymer. When the content of the polymer increases, the
strength increases, and the deformation decreases. The critical stress ratio of polymer aggregates mix is less af-
fected by the polymer content, and the critical stress ratios of different polymer contents are equal when cohesion
of polymer is considered as additional average effective stress.

The polymer can be considered as voids or solids during the analysis. When the polymer is considered as
solids, the critical state line in e—(p’,./p,)"” of different polymer rockfills is basically the same; when the polymer
is considered as voids, the critical state lines are approximately parallel to each other. The relationships of critical
stress ratio and critical state line are based on the limited test data and need further validation for a wider range of
particle sizes and polymer contents.

A new boundary surface model to capture the effect of polymer additive on the rockfill aggregates is pro-
posed. In this model, the effect of polymer content is considered as additional average effective stress. A state
parameter considering pressure and void ratio is used. The boundary surface is a teardrop shape, which is similar
to the University of New South Wales (UNSW) model’® bounding surface model. The model requires 15 model
parameters (G, i, ¢’, @'o, A@’o, €y, €cs0r Ao ka» ki Mo By, iy, R and N). The model captures the characteristic
features of the polymer rockfill aggregates for particle breakage (¢’ and Ag’y) and polymer content (¢’). The
results of the simulations were invariably in excellent agreement with the triaxial test, which indicates the capabil-
ity of the model in reproducing the strength and deformation of rockfill aggregates mixed with polymer.
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