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Rigid Block Distinct-Element Modeling of Dry-Stone
Retaining Walls in Plane Strain
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Abstract: A simplified rigid block distinct-element numerical model is used to investigate the instability of dry-stone masonry retaining
walls in plane strain. The investigation initially concentrates on modeling previously reported experimental data of wall behavior and
thereafter assesses the influence of parametric variation on stability. Influence of masonry charatteikjiist shear stiffness, normal
stiffness, tensile strength, and block geomgtbackfill properties, and overall wall geometry are considered. Results from the experi-
mental study and numerical model are compared with a limit equilibrium analysis.
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Introduction niques, such as reinforced concrete, reinforced earth, and gabion
construction, but it remains a contemporary form of construction
Dry-stone walling is an ancient and widely distributed form of @long hill roads in IndigArya and Gupta 1983and elsewhere.
wall construction, found wherever there is a plentiful supply of Though a few new projects have recently been completed in the
the basic raw materials. Historic and contemporary examples of United States, for example, in the main it is the problems associ-
free-standing enclosure walls, retaining and facing walls, and ated with the maintenance and assessment of existing dry-stone
simple loadbearing buildings can be found in North and Latin Structures that professional engineers most commonly encounter.
America, Europe, Africa, Asia, and Australasia. Criss-crossing 1hroughout the industrial revolution a very large number of dry-
field walls are characteristic of many rural landscapes. Notable StON€ retaining walls, varying in height from less than 1.5 m to
examples of dry-stone construction include Great Zimbabwe Na- ©V€r 15 m, were built as part of new transport networks across
tional Monument in Zimbabwe. Their widespread use stems from Europe. A number of dry-stone walls were also built in the eastern

the abundant supply of raw materials combined with the successtLrJ]'S'I stattis va'th"?l_th's 'tj.ﬁ”.Od' Ov_er a IcentulrJyKIatﬁ_r Estlmates of
of a simple yet flexible and durable form of construction. e length of walling still in-service along L.1%. highways are

Walls are built by skilled masons through a careful process of conservatively placed at around 10,000 km, with a replacement

selection and stacking, without the use of mortar, uncut and bil In excess of £10 b||_||on(O _Rellly e_t al. 1999. Many walls
continue to perform quite satisfactorily, though they commonly

largely undressed stone rubble blocks. Stones are generally Ieftfail to meet the safety criteria of modern design stand4aSi
rough except for occasional dressing using a hammer to remove1994)

unwanted edges. Suitable materials vary from sedimentary rocks Nﬁmerical stability assessment of existing walls is often com-
such as limestone and sandstone, to harder igneous rocks of gran-, .. . by out-of-plane deformations, such as bulging and lean-
ite and basalt, anq metamorphic rocks such as s_Iate. Though bloc ng, together with poor understanding’ of the extent of cross sec-
mass ranges typically between 5 and 20 kg, sizes can vary be'tion effective at resisting destabilizing forces and a lack of

tween stones less than 1 ‘I‘<g tc_) massn’{e ropk_s of a few tons. knowledge of backfill properties behind the wall. At present, the
For th? construction of “engineered” retaining walls, dry-stone limiting deformations dry-stone walls can safely accommodate,
construction has largely been superseded by more modern tECh\'Nithout immediate fear of collapse, remain largely unknown and
- certainly vary from case to case. Consequently, assessment of
Graduate Engineer, The Morton Partnership Ltd., The Old Cavalier, structural integrity is still largely based on qualitative judgments
89 Dunbridge St., Bethnel Green, London, E2 6JJ, UK. following visual inspectiongHighways Agency 1997 This lim-
PhD' Student, School of Chemical, Environmental, and Mining jteq ynderstanding of wall behavior, combined with the inadequa-
Engineering, Univ. of Nottingham, University Park, Nottingham,  qieq of current assessment techniques, exacerbates an increasing

NG/ 2RD, UK. maintenance problem for highway authorities, faced with a large
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a two-dimensiona(2D) distinct element package, has been used years without collapse. Out-of-plane deformations in the order of
to model instability of dry-stone retaining walls. Initially the 50 mm are generally not considered significant. Rigid stability
study concentrates on modeling results of early published experi-analysis, based on dimensions of the masonry face, has repeatedly
mental studies and thereafter assessing the influence of parametrishown that these walls often lack the proportions required to
variation on wall behavior. The influence of masonry joint char- maintain an acceptable factor of safety to prevent toppling or
acteristics(shear stiffness, normal stiffness, and tensile strength sliding failure required by modern design codgenes 1979,
backfill properties, wall block geometry, and overall wall geom- 1990; O'Reilly et al. 1992 However, because of the irregular
etry are considered in the investigation. Experimental and numeri-and graded form of construction, comprising a rubble fill behind
cal behaviors are compared with a simple limit equilibrium analy- the masonry face, a significant problem faced by assessors is one
sis. In conclusion, the paper outlines recommendations for the useof determining the section thickness actually effective in resisting
of UDEC to model masonry retaining wall stability, implications, backfill pressures.
and proposals for simplified stability checks, and suggestions for  Wall deterioration and eventual failure may be attributed to
further research in this area. many causes, including buildup of water pressure following mor-
tar pointing, settlement of poorly compacted fill or foundations,
poor quality materials and construction, weathering of stone, ef-
Brief Overview of Dry-Stone Wall Engineering fects of new construction work, inappropriate earlier repairs, ve-
hicular impact and vegetation growmttWalker and Dickens 1995;
Cooper 1988 Influences of new construction works include al-
tering water drainage, failure of adjacent service pipes and exca-
The typical cross section of dry-stone retaining wall comprises vation of service trenches in front of the wall for example. Moni-
one outer face of “coursed” stone blocks behind which there is atoring of retaining walls in Zimbabwe has demonstrated close
random core of more varied sized stones. Walls have generallycorrelation between movement and seasonal raitifddllker and
been built with very shallow footings. Depending on the material Dickens 1995 Similarly, records of 48 unattributed retaining
used and quality of work, the proportion of voids in the wall is wall collapses in Gloucestershire, U.K., between 1981 and 2000,
generally estimated to be between 10 and 20%, though voidageshow that 73% of failures occurred during fall and winter months,
has been measured by the writers at 50%. The undressed blockwhen ambient soil moisture contents are characteristically higher.
are typically randomly shaped, depending on the nature of the Increasing soil moisture reduces any soil suction that may be
original deposit and subsequent weathering. Quarried materialspresent, so reducing soil shear strength, and may be sufficient to
for dry-stone walling are typically poor quality, as the finer qual- produce positive pore water pressures, which will also act directly
ity materials are used for dimensioned stone masonry elements. on the back of a retaining structure which has lost its initial per-

Walls are generally built with the front face battered back- meability.
wards at between 1:5 and 1:10, improving the stability against
oyerturning by moving the ce_nter of gravity backwards, compared p..\i0us Engineering Studies
with a vertical front face. While the back face of the wall may be
ill defined, with rubble merging into the backfill, the back often In stark contrast to their widespread use, there have been very few
leans back less than the front, producing a tapered section, whichengineering studies of dry-stone earth retaining walls. The Royal
makes a more efficient use of walling material. Fill behind retain- Engineers undertook the first experimental investigations over
ing walls, often including construction waste, was typically 150 years ago. In two separate studies full-scale dry jointed re-
poorly compacted during initial construction. Its subsequent taining walls were built in progressive stages, and their response
settlement is widely believed to be a significant contributory fac- to backfill pressures noteorps of Royal Engineers 1845; Bur-
tor to later wall deformation and instability. For walls built in  goyne 1853
front of clay bearing deposits, the initial negative pore water pres-  In 1834, Lieut-General Burgoyne built four full-scale granite
sures that developed following excavation have subsequentlydry-stone walls in a disused quarry in Ireland. Each wall was
been lost over time, resulting in a progressive loss of tensile 6.1 m long and 6.1 m higlFig. 1). Though wall cross sections
strength and reduction in shear strength. This slow process is alsovaried, the average wall thickness remained constant at 1.02 m
believed to make a significant contribution to recent increases (approximately one-sixth the heightwalls “A” and “D” were
in the perceived rate of wall collapse and deterioration as the built with uniform thickness; wall A had a constant inward batter
timescale involved for large retaining structures may be over of 1 in 5, while wall D was vertical. Walls “B” and “C” had
100 years. Such structures have been standing on the basis othickness varying from 1.626 m at the base to 0.406 m at the top;
temporary strength, and become unstable as pore pressures reaahall B had a vertical back face, while wall C had a vertical front
temporary equilibrium. The presence of significant vegetation can face. Each wall was backfilled with soil, placed in 0.61 m lightly
prolong this process, sometimes indefinitely, by maintaining long- compacted layers, and its condition was noted after each stage.
term negative pore pressures. However, the common presence ofValls A and B reached full height, though some outward displace-
reasonably free-draining crushed stone behind many collapsedment was noted. However, walls C and D both collapsed when
walls indicates that this is by no means always the case. the backfill height reached 5.2 m high. Remarkably Burgoyne’s
investigation remains the most detailed full-scale experimental
work on dry-stone retaining walls carried out to date.

Walker and Dicken$1995 have reported on the appraisal and
As gravity earth retaining structures, dry-stone walls are often conservation of dry-stone wall structures at Great Zimbabwe Na-
assumed for purposes of simple stability analysis to behave in thetional Monument. During this work they pioneered the use of the
same manner as rigid masonry and mass concrete structuredistinct-element metho@undall 1971 to model stability analy-
However, dry-stone walls are not rigid structures, but can sustainsis of free-standing and retaining dry-stone wdllsckens and
considerable leaning or bulging deformation for a number of Walker 1996. Using a relatively simple UDEC model they were

Dry-Stone Wall Construction

Wall Behavior
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Wall Description Section profile nonlinear force-displacement relations. Large displacements
A Le;‘i:lg wall: opposite sides equal and along joints are permitted by the distinct-element model.

parael The UDEC (version 3.0, a 2D distinct element model, was
used throughout for this studiftasca Consulting Group 1986
Contact forces and displacements at interfaces are determined
through a series of calculations tracing movement of the blocks
with increasing time increments. Movements are caused by
propagation of applied loads and body forces through the system.
The solution is a dynamic process represented by a time-stepping
algorithm. Calculations alternate between application of contact
force-displacement laws and Newton’s second law of motion. In-
terface force-displacement relations define contact forces, and
Newton’s law gives block motion arising from known contact
forces. Contact points are automatically updated as the blocks
move. Similar to dynamic relaxation, static problems are readily
analyzed by allowing the dynamic model to reach equilibrium.
Equations of motion are damped, using velocity-proportional
damping, to reach force equilibrium as quickly as possible.

UDEC version 3.0 is supported W3ISH, an in-built program-
ming language allowing the user to define specific functions. A
variety of body and joint constitutive models are available, in-
cluding an elastic Mohr—Coulomb plastic material model, which
was used for the soil backfill. Material characteristics are user
defined and, where appropriate, readily modified usthgH as
the analysis proceeds.

The numerical dry-stone wall model is defined by a number of
material properties assigned to the blocks and joints. Some mate-
rial property terms used in this study are briefly defined below:

1. Joint properties:
* Normal stiffnessThe ratio between norm&ompressive
stress and normal strain across a joint;

able to simulate bulging deformations observed during full-scale * Shear stiffnessThe ratio between shear stress and shear

Wall height: 20 feet (6.1 m)

Uniform thickness: 3 feet 6 inches (1.02 m)
Wall batter: 1in 5

Backfill height: 20 feet (6.1 m)

B Sloping wall.

Wall height: 20 feet (6.1 m)

Thickness at base: 5 feet 4 inches (1.626 m)
Thickness at top; 1 foot 4 inches (0.406 m)
Mean thickness: 3 feet 6 inches (1.02 m)
Wall batter to front face: 1in 5

Backfill height: 20 feet (6.1 m)

C Counter sloping wall,

Wall height: 20 feet (6.1 m)

Thickness at base: 5 feet, 4 inches (1.626 m)
Thickness at top; 1 foot 4 inches (0.406 m)
Mean thickness: 3 feet 6 inches (1.02 m)
Wall batter to back face: 1in 5

Backfill height 17 feet (5.2 m) at failure

D Rectangular wall.

Wall height: 20 feet (6.1 m)
‘Uniform thickness: 3 feet 6 inches (1.02 m)
Backfill height: 17 feet (5.2 m) at failure

Fig. 1. Burgoyne'’s test walls

tests. Subsequently other investigators have applied the technique strain acting along a joint;

to retaining walls(Wong and Ho 1997 Harkness et al(2000 * Angle of friction The natural angle of repose along a joint
have used UDEC successfully to simulate numerically Bur- between two materials at which frictional resistance is
goyne's test walls; expanding on this work, they have more re- overcome; and

cently considered deformation and failure modes in dry-stone re- * Tensile strengthNormal tensile resistance of a joint be-
taining walls(Powrie et al. 2002 In this work, wall failure mode tween two materialgoften assumed zeyo

and deformations subject to increasing depth of backfill are 2. Deformable material properties:

shown, by 2D numerical distinct element modeling, to be a func- + Shear modulugG): The ratio between shear stress and
tion of stiffness and strength of block joints and backfill material. shear strain for a material. For an elastic model shear

modulus is given byG=E/2(1+v);
e Bulk modulugK): The ratio of volumetric stress to volu-
Distinct Element Modeling Lne:(ricl'zs};aziln. I;z)))r an Otlalastic model bulk modulus is given
y K= -2v); an
* Angle of friction internal angle of frictional resistance for

General Description of Model a material.

The distinct-element method, first presented thirty years ago by

Cun_dall(197]) t_o mod_el jointed rock masses subjected to eithr—,_\r Numerical Model Details

static or dynamic loading, was used to model the dry-stone retain-

ing walls. The distinct element method has been developed overRecently Harkness et a(2000 reported on a distinct-element

the past 30 years for modeling discontinuous media, such asmodel simulation of Burgoyne’s experimental investigation.

jointed rock masses, under static or dynamic loads. The discon-Based on UDEC version 2.0, Burgoyne’s original experimental

tinuous media is represented by a series of discrete blocks. Dis-observations were successfully reproduced: Walls A and B re-

continuities, or joints, are represented as boundary conditions be-mained stable, while walls C and D collapsed at the appropriate

tween the blocks. fill height. Wall blocks, soil backfill, and rock base material were
Blocks may be defined as rigid, as such all displacements analyzed using a 2D plane strain distinct element model, com-

within the media result from normal and shear displacements atprised of deformable blocks and a mesh of 6,427 elements. The

boundaries between the blocks. Alternatively, deformable blocks wall, soil, and rock base were modeled as elastic-Mohr—Coulomb

are split into a mesh of finite difference elements which may be plastic materials, with properties outlined in Table 1. Pore water

assigned linear or nonlinear force displacement relations for both pressures were assumed zero throughout. Each numerical analysis

normal and shear stresses. Joint normal and shear deformations @bok up to seven days on an RS6000 workstation.

boundaries between adjacent blocks are assigned either linear or Using UDEC version 3.0, the investigation described here ini-

JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / MARCH 2005 / 383

J. Geotech. Geoenviron. Eng., 2005, 131(3): 381-389



Downloaded from ascelibrary.org by Gerhard Stoll on 01/17/16. Copyright ASCE. For persona use only; all rights reserved.

Table 1. Material CharacteristicéHarkness et al. 2000 values originally reported by Burgoyri&853. In the absence of
Property Wall Soil direct experimental data, the joint propertisbear stiffness, nor-
— mal stiffness, and friction anglevere derived by Harkness et al.
Unit weight 22.7 kN/r 15.5 kN/m? (2000 through trial and error calibration of their deformable nu-
Bulk modulus 22,000 MPa  Linear variation with depth  merical model with the wall test results. Experimental values for
?St"l\‘ﬁzn(blagpatc’p) and noninterlocking joints between granite blocks report joint shear
i - ] stiffness values around 100 MPa/m and joint normal stiffness
Shear modulus 15,000 MPa ) Llnear(\)/aGrnsltgn with depth  5r6und 200 MPa/niWalker and Dickens 1995much lower than
aﬁ:ng%nw: dbasa;()p) those used_b_y Harkness_ et &2000. A relatively high value of
45° for the joint shear stiffness and friction angle limits the like-

miirgr?l angle of 45 28 lihood of shear deformation. Earlier studies by Coofi®86 had

. . suggested that bulging in dry-stone walls devel hrough rota-
Joint normal stiffness 1,000 MPa/m . 99 ging . Y evelops t OUQ. ”ota

. . tional rather than shear displacement between blocks. By initially
Joint shear stiffness 500 MPa/m P L - .

) o maintaining such a high joint friction angle, the analysis seeks to
Joint angle of friction 45°

investigate the relative significance of joint shear on the develop-
ment of bulging in dry-stone walls. As large displacements are
tially sets out to simulate Burgoyne’s experimental results and Peing modeled, the angle of dilation has been set as zero for both
compare findings with those reported by Harkness et2800. the backfl_ll a_nd the 10|_nts. The S|gn|f|c§1nce of material _propertle_s
Thereafter, the influence of physical and numerical parameters on°" behavior is further investigated during the parametric analysis.
simulated wall behavior was investigated. Findings described in
this paper are part of an on-going investigation of dry-stone wall
behavior. Results and Discussion

A 2D plane strain model was selected for the analysis. The 51
wall blocks were taken as rigid, while the soil was a deformable
block comprised of 3,337 elements with elastic-Mohr—Coulomb
plastic properties. Rigid wall blocks were adopted to simplify the The numerical model for Burgoyne’s wall D is shown in Fig. 2.
numerical model and reduce run times compared with those re-Using material parameter values set out in Tables 1 and 2, the
ported for previous simulations. Defining the wall material using simplified rigid block wall model successfully replicated Bur-
rigid block elements, however, limits the stress information which goyne’s observed experimental behavior for all four walls; walls
can be obtained along block joint interfaces. In the original ex- A and B were stable at a full backfill height of 6.1 m, whereas
periments, the walls were built on a rigid granite b&8argoyne walls C and D collapsed when backfill reached 5.2 m. Horizontal
1853 and the UDEC numerical model reflects this condition. displacement response at the top of the wall D during the addition
However, the base material was defined as deformable beneattof the final two soil layers is shown in Fig. 3. After the addition of
each wall in order to investigate the distribution of basal pres- each of the first eight layers, the deflection reaches a stable value
sures, Fig. 2. Base material values adopted were the same as fopnce the numerical model attained equilibrium. Deflection of the
the granite wall material shown in Table 1. The deformable base wall on completion of layer eight was 22.6 mm, which compares
was limited to beneath the wall as this is the zone of most interestreasonably well with 35 mm reported by Harkness e{(2000.
and it optimizes run times by limiting the total number of deform- On addition of the ninth layer, the deflection response accelerated,
able blocks in the model. In keeping with the original construc- indicating that the wall was collapsing by overturning, Fig. 4, as
tion of Burgoyne, the soil was added in 0.61(thft) layers to a both block velocity and displacement increased with wall height
full height of 6.1 m, or that necessary to cause collapse of the above the base. At stable equilibrium, the calculated deflection at
wall. As a benchmark material properties were taken as outlinedthe top of wall B was 5.4 mm, which is significantly less than the
in Table 1. However, once the model was validated, in terms of 64 mm quoted by Burgoyne and the 32.6 mm reported for a de-
stability, material characteristics were systematically varied, Table formable block mode(Harkness et al. 2000
2, to study their influence on wall behavior. The slight heave behavior predicted in the fill layers immedi-

The material properties outlined in Table 1, including wall and ately behind the wall, Fig. 4, is a consequence of the large rota-
joint angle of friction and joint stiffness values, were those used tional deformation of the wall, backwall friction, and tensile
by Harkness et al2000 and were based, as much as possible, on strength developed by each fill layer. In practice, tensile failure of
the fill is likely to occur, and in fact is quite commonly observed
in deformed dry-stone walls prior to their collapse. The influence

Initial Simulations

Table 2. Variation of Material Parameters of this aspect of behavior is to be investigated further in future
Property Wall Sail Workﬁ - 4 block model |

o Though the rigi ock model in all four cases accurately
Unit weight (kN/ ms_) ) 20’22'7‘2_6 1’250‘0140?"‘5501’700 simulated wall stability/instability, the model’s stiffness generally
Internal angle of friction Not varied 228734 exceeded both experimental and deformable model predicted val-
Joint normal stiffness 200,5001,000 ues using the material properties used by Harkness @00 in
(M,Pa/m) ) their deformable model study. The rigid block model limits wall
Joint shear stifinestMPa/m  100,300500 deformations to joint displacements between blocks. As such, it
Joint angle of friction 20°,3045°,60° can be expected that the rigid block model will be stiffer than the
Joint tensile strengttMPa) 0,2 deformable block model. Therefore, to study the effect of material
Wall thickness(mm) 400,7501,000 properties, in particular joint stiffness, a parametric analysis was
Block thickness(mm) 100,200varied undertaken and results are discussed below.
Note: Figures in italics represent benchmark values. Typically each numerical analysis took 60—80 min to run on a
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Fig. 2. Distinct-element model

Pentium 11(333 MH2 desk-top personal computer. Once the wall One consequence of using rigid blocks and a coarser soil mesh
had become unstable the run was often automatically terminatedhas been the expected downgrading in the accuracy of the com-
by UDEC for violating specified block overlap criteria during puted stress data. In comparison with past work, the normal stress
large deformations. Relaxing block overlap criteria allows greater distribution along the soil/wall interface soils shows greater varia-
overall displacements to be modeled but, as a general rule, retion, though maximum and resultant magnitudes are in closer
duces accuracy of the numerical model. The run times were sig-agreement. Horizontal stresses behind the wall face were also in
nificantly shorter than the seven days quoted by Harkness et al.general agreement with active pressures predicted by Caquot and
(2000. Simplifying the model(rigid wall blocks and fewer soil Kérisel (1948.
elementy combined with an updated version of UDEC running Numerical collapse is typified by development of an active
on now quite modest hardware, allowed the analysis to be com-failure wedge defined by an inclined slip plane drawn from the
pleted within a time span acceptable for routine wall assessment.toe or midbase of the wall rather than more classically the heel,
The normal stress distributions along the soil/wall interface, Fig. 4. This form of failure is attributed to the flexible unbonded
2 m behind the wall face, and beneath the wall are given in Fig. 5. nature of the wall construction and is supported by observations

Horizontal displ
)
1S)

0 50 100 150 200 250
Run time (seconds)

Fig. 3. Horizontal displacement response at the top of a wall during
backfilling Fig. 4. Velocity vectors
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Horizontal normal
stress profile 2 m
behind wall face

(max. stress =
29 kN/m’)
| l
1
1
-
Vertical normal stress
beneath wall (max 1 — :
stress = 32 kN/m?) 1 ‘ S— ‘
Horizontal ~ normal Horizontal ~ normal
stress 0 m behind wall stress profile 4 m
face (max. stress = behind wall face
27 kNfm?) (max. stress =
29 kN/m?)

Fig. 5. Normal pressure plots at failure

of wall collapses. Though representing a significant reduction in given in Table 2 had no effect on number of layers required to
the effective volume of material retained by the wall, the failure cause toppling failure, but displacement at the last stable layer
mode governs due to the corresponding reduction in restoringincreased in comparison with baseline data. Reducing joint nor-
moment. It is a natural consequence of the mechanism of rotationmal stiffness in the wall had greatest impact on displacement,

about the toe, which leaves the blocks at the heel of the wall lying suggesting perhaps that stable wall displacements are governed
on the foundation. Were there a tensile connection between theseyy rotational, rather than sliding, movements between block lay-
blocks and the rest of the wall, the active wedge would be ex- ers. In one case, an 80% reduction in wall normal stiffness in-

pected to terminate at the heel. It is the coursing of the blockwork creased last stable layer displacement by over 700%, Table 3.

that determines the termination of the active wedge. Therefore, by refining joint stiffness properties, it is possible to
reproduce accurately physical test performance using a simplified
Parametric Analysis rigid block numerical model.

Results of th i ical vsi ized i Varying unit weight of the wall blocks, in the range of
esulls of Ihe parametric humerica analysis are summanzed iy, g yn/nd, did not alter wall stability. However, stable dis-

Table 3 below. Effects on wall stability, running time, wall dis- . . .
) lacements increased as unit weight decreased and, correspond-
placement, and horizontal pressures are presented. Other perfor- ; . .
ingly, the predicted maximum lateral pressures behind the wall

mance data, such as normal stresses along the wall base and sall

shear stresses, are readily available from the numerical model, buwc(;elitsleq as W‘?" deftlectlotrrl] dtehcreaﬁed. Reggulng block the|ght hgs
for brevity have not been included in Table 3. Wall failure mode ad little impact on strength, though again displacements preced-

: : . . ing failure increased by over 48% when block height was halved
(toppling failure has been unchanged by the parametric variation, Ing S
although the number of soil layers causing collapse and form of (Table 3. As the number of blocks and joints increased, as block

the active failure wedge did change. height redu.ced, the expectation is for. qvergll wall stiffness to

Parametric variation had little significant impact on run time of decréase with an increasing number of joints in the wall structure.
numerical simulations. Where wall displacements significantly in- _ Wall strength decreased with a reduction in wall thickness;
creased run times tended to increase as well, Table 3. Run timedailure mode was unchanged however. Ratio of soil depth at fail-
are governed by variety of parameters, including model resolution Ureé to wall thickness varied between 5.4 and 7.6, increasing for
(number of blocks and number of mesh elements in deformable More slender walls. Increasing joint tensile strength to 2 MPa,
blocks, tolerances set for convergence and numerical damping, though importantly not along the base, improved stability, as the
and specifications of the computer hardware. Increasing the num-wall was capable of withstanding an additional soil layer before
ber of deformable blocks and mesh fineness increases the numbegollapsing. Wall stiffness also increased as deflection at the eighth
of computations and consequently has a significant impact on runsoil layer decreased by 50% compared to the baseline run. This is
times. As the parametric study was limited to a variation of ma- an encouraging result for maintenance works as mortar pointing
terial properties using the same basic model, it is can be reasonand grouting are common remedial interventions for distressed
ably expected that run times are generally little changed. dry-stone walls.

Changing wall joint normal and shear stiffness, over the range  Wall strength was also impaired by a reduction in joint friction
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Table 3. Summary of Parametric Analysis

Weight of wall
Time to Maximum ‘ +P,
Number complete Wall horizontal __ p
of soil last displacement stress along Resuitant h o
layersto  stable at last soiliwall [ E’g‘éﬁs bahind
cause layer(n) stable layer interface
Parameter failure (s) (mm) (kPa V
Unit We|ght (Wa” blocks Pressure distribution
20 kN/m? 9 147(8) 28.1 28.2 (a) Overturning of wall (b) Overturning of lowest block
3
EEZI\T;VW? 2 ﬁg(g) 2212.56 11275 Fig. 6. Conditions for overturning failure
Joint angle of friction in wall
200 8 135(7) 35.7 25.6 weight had little effect on wall strength, though both wall dis-
30 9 125(8) 83.1 44.7 placement and horizontal pressures varied with corresponding
45° 9 133 (8) 226 317 changes in soil unit weight, Table 3. Predicted behavior of wall
60° 9 123(8) 23.8 29.4 strength is, however, consistent with accepted soil mechanics
Joint normal stiffness in wall theory.
200 MPa/m 9 2668) 182.0 28.7 A limit equilibrium analysis was carried out to investigate the
500 MPa/m 9 1478) 49.9 29.2 stability of each wall, using Coulomb earth pressure coefficients,
1,000 MPam 9 133 (8) 226 31.7 in a specially written small computer program. The assumed
Joint shear stifiness in wall angle of friction of 28° was used as a starting point. T_hl_s indi-
cated the factor of safety against the masonry walls sliding for-
100 MPa/m 9 1478) 26.5 44.3 ward was well over 1.0 in every case. However, the resultant
300 MPa/m 9 1408) 23.7 29.5 force acted outside the middle-third of the base for all the walls;
500 MP&m 9 133 (8) 22.6 317 consequently, the pressure distribution on the base of the walls
Joint tensile strength in wall was triangular rather than trapezoidal, and over less than the full
0 MPa 9 133 (8) 22.6 31.7 width of the basgFig. 6(@)]. As the position of the resultant
2 MPa 10 116(9) 1.3 28.9 moves forward over the base, the loaded width reduces, with the
W . consequent stress increasing rapidly, until the entire load acts at
all block thickness the front of the base, and the wall overturns. This is shown in Fi
100 mm 9 3588) 86.4 30.1 6(a). ’ i 9-
200_ mm 9 1278) 58.1 29.2 Before the wall as a whole overturns, it would normally be
Varied 9 133 (8) 226 817 expected that a bearing failure would occur, or crushing of the
Wall thickness wall material, but in this case all materials were granite and of
400 mm 5 137(4) 54.3 12.2 high strength. In fact, because the blocks are not cemented, the
750 mm 7 1736) 93.4 215 lowest block in the wall will overturn before the entire wall over-
1,016 mm 9 133 (8) 22.6 31.7 turns. The main overturning force comes from the horizontal
Fill internal angle of friction cgmponent of earth prgssum, which vylll pe carried entirely by
290 8 126(7) 298 24.7 friction on the top of this block_, r_esultlng ina moment about the
. toe of the block equal t®, multiplied by the height of the block
28 9 133 (8) 22.6 817 [Fig. 6(b)]. Resisting this will be the moment due to the vertical
34° 10 189(9) 19.8 329 load, equal to the weight of the wall above plus the vertical com-
Fill unit weight ponent of earth pressur®,. P, and P, are obtained for the fill
12.5 kN/n# 9 139(8) 17.2 21.8 above the top of the block. The horizontal thrust transmitted from
14.0 kKN/n? 9 144(8) 19.4 255 the blocks behind provides a small additional overturning mo-
15.5 kNm? 9 133 (8) 22.6 31.7 ment.
17.0 KN/n# 9 156(8) 28.7 30.7 Wall overturning and block overturning have been examined

by considering the angle of friction necessary to just prevent these
failure modes as the height of the fill is increased. Based on
Burgoyne’s drawings, the height of the lowest block is taken to be
0.305 m. Fig. 7 shows that only Wall D was at risk of overall
angle. The toppling failure mode, and strength, appears relativelyoverturning, with a fill height of just over 5.2 m being possible
insensitive to significant changes in wall friction angle. For with $=28°. For wall B, 6.1 m of fill only requires 15° angle of
changes in the friction angle of +15° stable wall height is un- friction, and does not even appear on the plot. The other walls
changed. Reducing wall friction angle to 20° reduced stable needed about 22° for the full 6.1 m height. Overturning of the
height by one layer, but failure mode remained as toppling rather wall therefore appears to be a possible failure mode for Wall D
than changing to sliding failure for lower joint friction angles. based uporb=28°, but does not explain the failure of Wall C.
Deflection at the last remaining stable layer increased as the wall  For overturning of the basal block, Fig. 8 shows Wall D only
joint frictional strength decreased. reaching 5.1 m withh=28°, which given the precision of the data
In line with expectations, increasing or reducing soil strength is in good agreement, while Wall C could not be expected to
resulted in a corresponding increase or reduction in soil height exceed 5.6 m. The drawings of the walls indicate that the filling
necessary to induce wall failure. However, varying soil unit was far from uniform, and this is probably sufficiently close

Note: Figures in italics represent the benchmark values.
Stable wall deflection after eight soil layers.
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Fig. 7. Mobilized angle of friction to prevent overturning of entire wall

agreement to suggest that this mechanism explains the observetigate wall stability by exploring conditions necessary for wall

failures, and supports the usedpf 28°. It may also be noted that

and base block overturning.

this mechanism appears to correspond to the failed cross sections Computation time for the simulations suggests that UDEC

reported by Burgoynél853.

Conclusions

A distinct-element numerical model, comprised of rigid wall

could, with further refinement, indeed prove to be a useful tool for
the routine assessment of dry-stone walls. There is, of course, the
need for further development to produce a generic model allow-
ing systematic variation of parameters in analysis.

Failure mode of the wall was unchanged during extensive
parametric analysis. Changing wall unit weight, joint stiffness

blocks and deformable soil, has been used to successfully reprocharacteristics, and block geometry had little effect on the stabil-
duce observed experimental wall behavior and earlier simula- ity, though precollapse deformations were often significantly al-
tions. Limit equilibrium analysis was carried out to further inves- tered. Stable height for the wall was improved by adding joint

— - Wal A
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— WallD
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= 24 4
ko
£ 22 -
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Fig. 8. Mobilized friction to prevent overturning of lowest block
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tensile strength and, as expected, greatly influenced by wall thick- t = wall thickness;
ness. The block joint friction angle also influenced stability, y = leverarm;
though failure mode remained toppling rather than sliding. Vary-  ys = unit weight of soil;
ing soil unit weight and strength also had the expected influence +,, = unit weight of wall;
on wall stability. d = angle of wall friction;
Joint properties, in particular normal stiffness, had a significant v = Poisson’s ratio; and
effect on predicted wall displacement during the parametric study. ¢,¢ = soil internal angle of friction.
Reducing joint normal stiffness decreased overall wall stiffness
and so increased the last stable fill layer deformations. Through
careful selection of material properties, and further calibration, a References
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