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1 INTRODUCTION

Between December 2003 and December 2004 there were reportedly at least six paste fill barricade failures
worldwide, with each of these failures resulting in an inrush of fill to the mine workings. Many of these
failures are considered to be a result of misunderstanding the mechanisms associated with the consolidation
of paste fill during placement. This paper outlines the importance of consolidation in assessing mechanisms
associated with the early age behaviour of paste fill. To illustrate the importance of consolidation, a series of
numerical simulations have been presented, including a completely drained, an undrained and a coupled
analysis. As the in situ development of effective stress will be dominated by the rate of consolidation,

understanding this behaviour will also assist in replicating in situ curing conditions.

A one dimensional consolidation model capable of simulating the consolidation of a cemented paste fill is
presented. A parametric study is undertaken to illustrate the influence of consolidation mechanisms
specifically related to cemented paste fill. Finally, the model output is compared with a set of in situ pore

water pressure (PWP) measurements to illustrate the relevance of the assumed mechanisms.

2 BACKGROUND

Paste filling is a process utilised in many underground mining operations. This involves the filling of tall
underground voids with a free flowing combination of mine tailings, water and cement. This process will
often result in over 10m vertical rise per day (Le Roux et al., 2004) with silt-size material. This material is
contained at openings using structural barricades. While different sites will have different particle size
distributions and different filling rates, the combination of rapid filling rate and fine grained material means

that the self weight loading condition may often be close to undrained.

The key points to note with regards to the undrained loading of mine backfill are: there will be no change in
volume; there will be no change in vertical effective stress; there will be no change in horizontal effective
stress; and an increment of vertical total stress produces an equal increment of horizontal total stress. To the
authors’ knowledge, analysis of undrained filling (taking account of these characteristics) has not previously

been rigorously addressed.

It is not the aim of this paper to state that filling with paste fill will always create drained or undrained

conditions. Rather, it is to suggest that the rate will often create conditions that are somewhere between these
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two extremes. The purpose of the paper is to demonstrate the significant variation in stope stresses and
barricade loads due to consolidation and to emphasise the importance of understanding the PWP behaviour

when assessing minefill (and barricade) stability.

3 STRESS ANALYSIS

3.1 Numerical modelling

In order to demonstrate the significance of the drainage conditions on the stress distribution within a paste-
fill stope, a series of numerical experiments have been carried out using the program numerical analysis
program FLAC. The paste fill has been modelled as a Mohr Coulomb material with no tensile strength. A
simplified plane strain stope geometry has been adopted, where the fill at the stope boundary has been fixed
against movement. The impact of PWP has been included in the undrained case by configuring the analysis
to include groundwater but ‘turning the flow off’. This ensures an increase in PWP due to the application of
total stress but does not allow any of this pressure to dissipate. The drained case has been analysed in a
similar way, but in this case all pore water pressures are maintained at zero. It should be noted that in both
cases the barricade has been assumed to be free draining (i.e. the PWP immediately behind the barricade has

been assumed to be zero).

The modelled plane-strain stope is 20 m wide and 50 m tall. In order to include realistic material properties,
the values quoted (Rankine et al., 2001) for fully hydrated material stiffness have been adopted. These
include a Young’s modulus (E) of 60 MPa and a Poisson’s ratio (v) of 0.25. These parameters equate to a
shear modulus (G) of 24 MPa and a drained bulk modulus (K) of 40 MPa. It should be noted that the
stiffness being adopted in this analysis is the fully hydrated stiffness, which would provide the highest
possible amount of stress redistribution to the surrounding rockmass. The strength parameters adopted are a

cohesion (¢) of 25 MPa with a friction angle (¢) of 25°.

The purpose of adopting this very large cohesion is to illustrate that; provided the material remains elastic,
the material stiffness will dictate the degree of load that is redistributed to the surrounding rockmass,
regardless of the strength. Limit state methods, (Winch, 1999 and Aubertin et al., 2003), assume that the
material at the fill/rock interface can mobilise its full strength and calculate the stress distribution in
accordance with this assumption. In a stable situation, the material strength may not all be mobilised, which
would violate this assumption. This would be of particular relevance during undrained loading as discussed
in Section 3.2. As a result, the use of limit state methods to simulate stresses during filling will often

underestimate the in situ stresses and barricade loads.

Figure 1 shows the total vertical stress down the centerline of the stope for both the drained and undrained

cases. Also shown in Figure 1 is the self weight stress plotted against depth. Inserted into this figure are
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FLAC output figures showing contours of total vertical stress for the half spaces modelled. Contours for both

drained and undrained cases have been presented. The contour interval on both plots is 100 kPa.
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Figure 1 Total vertical stress along stope centreline

It may be seen that the total vertical stress in the undrained case is very close to the total overburden stress
while in the drained case there are significantly lower stresses indicating that some stress redistribution is
occurring. This lack of stress redistribution is further illustrated in the vertical stress contour plots, which

show the total vertical stress being close to constant in the horizontal direction for the undrained case.

The FLAC model used to assess the stresses within the stope has also been used to demonstrate the impact of
consolidation on barricade loads. Figure 2 shows the predicted total horizontal stress distribution on a 6m
barricade. The barricade has been modelled as being 6 m along a plane strain drawpoint. This figure
indicates that the assumption of undrained filling will result in a barricade stress of approximately 800 kPa

while the drained analysis indicates a barricade load of approximately 80 kPa.
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Figure 2 Barricade loads using undrained and drained analysis
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Overall, this analysis indicates that if undrained loading is occurring, vertical stresses in the stope are likely
to be close to total overburden stresses regardless of cement bond strength. Furthermore, should undrained
conditions exist at the base of the stope, the horizontal total stresses will be approximately equal to the

vertical total stress. However, should a drained conditions exist, the estimated stresses will be much lower.

3.2 Discussion of modelling results

During elastic loading, the distribution of stress will be in accordance with the relative stiffness i.e. the ratio
between the vertical compressive stiffness and the shear stiffness. Shear stress (t), which is required to
generate stress redistribution to the surrounding rockmass, can only be generated if the element is subjected

to a shear strain (y). The mobilised shear stress may be related to shear strain via Equation 1:
=Gy (D

where G is the shear stiffness of an element. If a soil is loaded undrained, the compressive stiffness will be
the bulk stiffness of water rather than that of the soil skeleton. For comparison purposes, the bulk modulus
of water is 2 GPa while the (drained) bulk modulus of a fully hydrated cemented paste fill will be in the
order of 40 MPa, making soil loaded in an undrained manner effectively incompressible. Therefore, when
the soil is loaded in an undrained manner there can be no vertical compression and therefore no induced
shear strain, thereby preventing development of shear stress. With no shear stress at the interface, there can
be no stress redistribution. As consolidation takes place and the material is allowed to displace vertically
(due to the expulsion of pore water), shear stress will be mobilised allowing for some redistribution of stress

to the surrounding rockmass, thereby allowing some arching to develop.

The lateral earth pressure coefficient (K,) is defined in terms of effective stress, such that the total horizontal

stress (o) may be calculated as:
op=0op+tu=K oy, +u )
where o', is the vertical effective stress, and u is the PWP (which is isotropic).

Therefore, if undrained loading is occurring at the drawpoint, the horizontal total stresses will be equal to the
PWP, which is in turn equal to the vertical total stress (as the effective stress is zero). The combination of the
high vertical total stresses within the stope and undrained condition at the drawpoint will create large

barricade loads as seen in Figure 2 for the undrained case.

3.3 Consolidation analysis

In order to demonstrate the impact of consolidation on barricade loads, another simplified FLAC analysis
was carried out in which the material was placed undrained and allowed to drain, with the top surface and

barricade being the drainage boundaries. The paste fill was assigned strength and stiffness values of fully
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hydrated material and the permeability was set to a very high value to ensure fast consolidation. During the
consolidation process the PWP at the centre of the stope floor was monitored as well as vertical stresses
along the stope centre line and the barricade stresses. Figure 3 illustrates how the stope stresses and barricade
stresses change as a result of consolidation. The degree of consolidation is defined as the amount of pore
water pressure dissipated (from an element in the centre of the stope floor) relative to the PWP from the
initial undrained loading. Figure 3(a) shows the vertical stress at different elevations along the centre of the
stope for various degrees of consolidation at that depth while Figure 3(b) illustrates the change in barricade
stress against the degree of consolidation at the stope floor. Figure 3(a) illustrates quite clearly that as the
pore water pressure dissipates the degree of stress redistribution (arching) increases and the total vertical
stresses in the stope reduce. Figure 3(b) illustrates that, in addition to a reduction in vertical stress within the
stope, the reduction of pore water pressure at the drawpoint will act to increase effective stress, reducing

horizontal total stresses and reducing barricade loads.

3.4 Implications for sample preparation

In addition to stope stresses and barricade loads, the degree of consolidation will have a major impact on the
state at which in situ material will be cured. Work has shown that the curing void ratio and effective stress
state influence the properties of cemented soil. (Consoli et al., 2000; Li and Aubestin, 2003; Rotta et al.,
2003). Tests have shown that the application of effective stress during curing can create a significant

increase in the final strength of cemented minefill material (Blight, 2000).
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Figure 3 (a) Vertical stress along stope centre line; (b) Barricade loads versus degree

of consolidation

If it is assumed that filling is being carried out in an undrained manner, laboratory samples should be cured
under zero effective stress. However, if it is assumed that filling is carried out in a drained manner (i.e. no

excess pore water pressure increase) the addition of overlying fill will result in a proportional increase in
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effective stress during curing. Therefore, samples should be cured under this increasing effective stress, (Le
Roux et al., 2002 and Belem et al., 2002). In a partially drained situation, the rate of increase in effective
stress will be equal to the rate of PWP dissipation, so that if the rate of PWP dissipation can be predicted,
effective stress may be applied to the specimen at the same rate to replicate in situ conditions. By curing
samples under zero effective stress (as is usually the case) laboratory samples will most often provide
conservative strengths when compared with in situ material that has been cured under an effective stress.
Techniques for curing samples under the same effective stress as in the field are beyond the scope of this

paper however this process may not be as complex as staged triaxial loading.

4 COUPLED ANALYSIS

From what has been presented, it can be seen that the presence of pore water pressure will have a dramatic
effect on the stress distribution within a paste filled stope. Unless the assumption of drained or undrained
loading can be justified, it is suggested that the only reasonable approach would be a fully coupled analysis.
In this context, “fully coupled” means that consolidation/drainage is properly modelled as the filling
proceeds, including in this analysis the stiffness and permeability changes that occur as the voids ratio

reduces. However, for cemented backfill, it also means incorporating the hydration process in the analysis.

Thus, in addition to conventional consolidation characteristics there will be aspects specifically related to the
hydration of cement that will have an impact on the consolidation behaviour of paste fill. The authors are
currently undertaking a research project to further the understanding of these aspects and provide a tool that
may be used to model the consolidation behaviour of paste and hydraulic fills. Research to date has
identified the following as being the most important aspects to consider when assessing the consolidation

behaviour of cemented mine backfill:

o Stiffness and strength change with time: The increase in strength and stiffness during hydration will
increase the rigidity of the matrix. With an increased stiffness the soil matrix will have to deform less
to generate an increase in effective stress and therefore less water volume will need to be expelled to

dissipate pore water pressures. This will increase the rate of consolidation.

o Permeability as a function of voids ratio and cement gel growth: As the cement hydrates grow they
will fill in void space that is utilized for flow, thereby reducing the permeability. In addition, the
reduction in void space due to consolidation will also create reduced permeability. This reduction in

permeability will decrease the rate of consolidation.

e Damage due to plastic strain: If the material is exposed to plastic strain during hydration, cement
bonds that are forming may break down, reducing the materials strength and stiffness. An algorithm

(Carter and Liu, 2005) for naturally-cemented soil has been adopted to represent this behaviour.
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Strength and stiffness as a function of void ratio: It has been well documented (Consoli et al., 2000,
Li and Aubertin, 2003 and Rotta et al., 2003) that the strength and stiffness of cemented soils depend
on the density (or void ratio) at the time of hydration. An exponential function similar to that
presented by Rotta et al., has been used to relate strength to cement addition and density. (Rotta et

al., 2003).

Reduction in Poisson’s ratio as a function of time: Zuh and Clark showed that during cementation the
Poisson’s ratio (or lateral earth pressure coefficient, K,) can reduce significantly (Zuh and Clark,
1993). An empirical relationship, developed by the authors and fitted to the Zuh and Clark data, has
been implemented. This will have a major impact on horizontal stresses as well as the ratio between

shear and bulk modulus both aspects that are important for arching.

Self desiccation: The process of self desiccation has been well documented with respect to its impact
on concrete structures. The basis of this process is that following cement hydration, the resulting
hydrated volume is less than that of the unhydrated constituents. Authors such as Powers, Hau, Bentz
and Brouwers have investigated the impact of this mechanism on the shrinkage of conventional
concrete structures (Powers, 1947; Hau et al., 1995; Bentz, 1995; and Brouwers, 2004). With respect
to cemented minefill, this volume reduction will assist in the dissipation of PWP. It is important to
note that the degree of PWP dissipation will be related to both the consumption of water volume (due
to hydration) and the stiffness of the soil matrix. Further detail relating to the self desiccation of

cemented paste fill (Helinski et al., 2006).

A computer program ‘MinTaCo’ has been developed for carrying out fully coupled one-dimensional
consolidation analysis of uncemented tailings and is published elsewhere (Seneviratne et al., 1996). This
program has been modified by the authors to incorporate the aspects related to cement hydration described
above. The relationships that have been adopted are based on fundamental soil mechanics principles and are

therefore suitable for both paste and hydraulic fill.

The results from some parametric studies with this model are presented in Figure 4. This shows the evolution
with time of the self-weight total stress (solid line) and PWP (dashed lines) at a point 2 m above the floor of
the stope during a filling cycle. The filling cycle involves the deposition of 8m of fill in 1 day followed by a
rest period of 36 hours, followed by the subsequent filling of the remainder of the stope at a rate of 0.4 m per
day. The purpose of this parametric study was to illustrate the impact of the cementation characteristics

mentioned above on the rate of consolidation. The following cases were analysed:

Filling with uncemented fill (0% Cement): To demonstrate the impact of neglecting cementation
during consolidation analysis.
Filling with 5% cemented fill without Self Desiccation: To demonstrate the impact of increasing

stiffness and reducing permeability on the consolidation behaviour.
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o Filling with 5% cemented fill with Self Desiccation: To illustrate the impact of self desiccation on the

consolidation behaviour.

Figure 4 illustrates that, even when the self-desiccation mechanism is not incorporated, the increase in
stiffness due to cementation outweighs the reduction in permeability due to hydration, and, as a result, the
maximum pore pressure generated is less, and the subsequent rate of pore pressure dissipation is greater, than
if no cementation occurs. In addition, when self-desiccation is included, this can be seen to have a dramatic
effect on the consolidation behaviour, with lower peak pore pressures generated, and a faster rate of pore
pressure dissipation than for the other two cases. As it has already been shown that barricade loads are
significantly influenced by pore pressure levels, it can be concluded that proper analysis of the process
requires the use of analysis methods that fully couple the consolidation behaviour with the cementation-

induced strength, stiffness gain and self-desiccation.

The performance of the one-dimensional model has been compared with in situ PWP measurements from the
Cayeli mine in Turkey in Figure 5. Typical paste fill parameters were input into the model along with the
actual filling rate and placement densities. Figure 5 shows the evolution of measured PWP (at the base of the
stope during filling) as well as predicted PWP, against time. Also shown is the applied self weight total stress

against time.

The modelling results compare well with the in situ measurements during the early stages of filling. This is
an indication that the assumed mechanisms are reasonable. It can be seen that during the early stages (up to
approximately 0.5 days) the PWP increases at the same rate as the total stress, indicating completely
undrained loading. During this stage there is no effective stress and no cohesive bonding, therefore the
material has no strength and no effective (matrix) stiffness. As the matrix has no stiffness, the water volume
consumption due to self desiccation will cause an equivalent soil matrix compression and result in no PWP
reduction. At approximately 0.5 days the paste appears to reach initial set where the matrix begins to develop

cement-induced stiffness and strength.

600
500 Total Vertical Stress|
5 g :
Q. 400 A .
= /"
2 300 | /T ——
> 4 P > -
& 4 P 5% Cement Without | _
© 200 A Vs L~ ~. - Self Desiccation
o ~ - TS
100 A === 7 ’ 5% Cement With
T - 4 Self Desiccation M~ -
0 :
0 2 4 6 8
Time (days)
Figure 4 Parametric study indicating cementation impact

320 Paste 2006, Limerick, Ireland



MINE BACKFILL

With a stiff soil matrix, water volume removed as a result of self desiccation will not be accompanied by an
equivalent matrix compression and hence the PWP will drop as effective stress is transferred into the soil

matrix. This concept has been explained in more detail elsewhere (Helinski et al., 2006).

The predicted and measured PWPs in Figure 5 tend to diverge during the second stage of filling (around 2
days). After 2 days it can be seen that there has been a significant reduction in PWP, and hence an increase in
effective stress. With the development of effective stress it is likely that some stress redistribution (arching)
has now commenced and as a result the applied total stress (due to filling) may not all be transferred to the
location of the piezometer. Therefore, the measured pressure increase from then onwards is less than the
modelled result. Since the model is only one dimensional, the impact of stress redistribution is not accounted
for. The aim of the next phase in this work will be to implement the material characteristics into a three

dimensional program so that effects such as arching can be accounted for.

5 CONCLUSIONS

This paper has shown that the degree of consolidation will have a dramatic impact on the stress distribution
within a paste fill stope and on barricade loads. An understanding of the consolidation process will therefore
be essential to understand the mechanisms associated with stress distributions during filling operations.
Various industry standards, for example those suggested by Potvin (Potvin et al., 2005), have been developed
to limit barricade loads, but without the type of rigorous approach presented here, there is no guarantee that
such standards are always suitably conservative. The consolidation analysis of cemented paste fills is a rather
complex process, requiring models that incorporate important characteristics specifically associated with
cement hydration, coupled with the normal consolidation process. A one-dimensional consolidation model of
this type has been presented and shown to compare well with in situ pore water pressure measurements
during the early stages of filling. This model indicates that some pore water pressure dissipation is taking

place and the increase in effective stress associated with this PWP dissipation is generating some degree of

arching.
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Figure 5 Data from Cayeli Mine (Turkey) compared with results from the 1D model
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The application of consolidation theory can help to further our understanding of both stress distributions and

material strength evolution.
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