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Mathematical Model of Flow Case Study |

Groundwater-transmitting planar discontinuities in many bedrock formations consist primarily of non- In |nter$eCtlng Joint Sets Groundwater flow and solute transport in a gent]y dipping, thin]y_bedded,
random networks of genetically-related joints and bedding plane partings rather than the random systems juinted shale formation with diSChﬂl‘gE to a second-order tl‘iblltﬂl'y
of generic fractureg ass_umed in certain _fl'fiﬂmfﬁd aquiter nmd.els. A method 1s PTESE_ﬂtEd 1_3'}’ .vtrhic.h The orientation of fractures or joints in a fractured bedrock aquifer exerts control on the direction of
g D.l_lﬂdWEitE:I‘ flow direction anc.l volume within Eff':h SeL “f_ PErvastye, _sub-parallel Plaﬂﬂr_ discontinuities is groundwater flow. This control on contaminant plume movement is an important factor to consider in Dissolved load in shallow (30 m) confined groundwater was suspected to underflow a shallow tributary
defined by a calculated ﬂ‘f’w mdle:s:, based on discontinuity orientation E"_ld SPAtMIS with respect to !:he environmental groundwater contamination investigations at fractured bedrock sites. and discharge to the nearby regional groundwater discharging in a major river. Hydrologic data confirmed
dverdsc I'C_'Ck mass hF_dI'ﬂUll': gr ﬂ_dl_e“t and A¥ELASE fracture .ape.rl:ure .(f-:}r a_sm.lple cubic law appmmmatmn One or more regular joint sets impart a hydraulic anisotropy to a fractured bedrock aquifer such that the discharge to the tributary and a detailed stream assessment showed no adverse impacts to ecological
of Poiseuille h?’drf‘”llc c-::npductm.ty). _FIDW indices for principle discontinuity sets are superimposed by the direction of groundwater flow often does not coincide with the direction of the hydraulic gradient in receptors or water quality, but the regulatory agency required remediation at the stream for the widespread,
vector summation to obtain the direction and rate of the average flow through the fractured rock mass the area being studied. Thus, a plume cannot be assumed to travel perpendicular to the eroundwater diffuse upgradient source mass.
using only structural data for the formation. The anisotropic nature of the hydraulic conductivity tensor elevation contour lines. _ _ _
results in a calculated flow direction that i1s typically not aligned with the hvdraulic gradient. The In many fractured rock systems sub-vertical fractures are important pathways for groundwater flow The flow and transport model presented }_1?1"31“ wals US'_Ed to narrow the predicted W_ldth of ﬂ}ﬂ solute
structurally based method described produces testable transport and deflection predictions without the need (see for example Dougherty et al. 2004). In these systems, bedding planes are not considered important trfms.pm'l.: zone, and to _SEIEC_'? plume definition mﬂmt‘_}“?g wells. Model cfjnﬂrmai.:mn provided for
for costly aquifer testing to determine a priori the directional components of the hydraulic conductivity eroundwater flow pathways. elimination of further delineation, and focused the remediation on a target area in the tributary rather than
ellipse. _ o o _ _ _ The earlier work of Snow (1968, 1969) has been used by several investigators to examine the over:abroad area.

A case study is presented of a jointed formation in which groundwater is calculated to flow in a anisotropy introduced by sets of parallel planar conductive features (e.g. joint sets) in regularly fractured : - -
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direction offset from that of the local hydraulic gradient; a direction confirmed with subsequent water rock masses (Oda 1985, Oda 1986, Ababou 1991, Chen et. al. 1999). G G DS SD R bR G
quality monitoring. The model has been applied successfully to other sites with a variety of rock types and This work can be applied to develop a mathematical model for groundwater flow in sub-vertically R p . )

: . .. _ : S € principal bedrock groundwater
is currently being coded for computer based applications. oriented intersecting joint set systems.

transmitting structural fabric elements.
White lines: S, joints (045°-90) - strike
15 approximately coincident with
bedding plane strike but bedding dips
NW; Red lines: 8, joints (105°-85NE);
Buff lines: generalized groundwater
elevation contours.

Conceptual Framework

Structural Geology Framework

Volumetrically, groundwater-conducting planar discontinuities

in rock masses tend to occur either as tectonically derived, ;ji'
pervasive, penetrative sets in which all discontinuities are at sub- ’} ) . _ o _
parallel orientations and occur with statistically consistent = |£ Bedding Plane Lower hemisphere projection of planar fabric

Ortentation elements depicting the orientation of the field

frequency and lengths (joints) or in bedding plane partings, in the 1 e Eradieht et ooty elation o el

case of la}re?ed sedimentary fu.rmatiuns. Faults tend to occur in “ g (4 ol FABRE Cleens, HEddinG phne Fatitgs
non-penetrative systems of widely spaced zones and random, _ Structural Plane (blue) strike 50° from the field gradient, dip in the
generic fractures comprise only a small percentage of . _ —— 5 105.85NE / Onentations opposite direction aid, consequently; exert Hitle to
discontinuities, mostly concentrated in the upper zones of Frequency contours of poles to planar ’

no control on groundwater flow direction. Planar

" : discontinuties with great circles of means of Hvd lic Gradi "’ T~ Difeeting 6 badroek _ _ _ ]
ormations, usually above the saturated zone. Consequently, parial distribution (lower hemisphere, equal area ydraulic Gradient ——. A element intersections are not aligned with measured
groundwater flow 1s through a non-randomly distributed network projection) — hypabyssal igneous intrusive v f : = (0957 groundwater flow, plunging 80° toward 075° (joints)
isti complex, New Jersey ! : and 5° toward 300° (joints w/bedding). The S, joint
- {N{irth} ,": set 13 the Pervasiveﬁ fabric elemeni‘:g)with a 2s‘::rilf:n&
. . . . . + / azimuth nearest that of the field hydraulic gradient.
Flow in Non-Random Planes not Oriented with Field Gradient _—7 Y s
b P
s i vEr @ = _— -““ﬂi;ihr‘f}k* % L‘”G“ = X N
Groundwater flow within an individual —— _ = P b S e a e ST e T — - . A
planar discontinuity 1s approximately sub- Juint Discontinuities  Jgint = - : = | = (East)
parallel to strike (see adjacent figure). The Ax, Set2 . — > Plume
lesser the angle between the strike of a water- / ' deflection
bearing discontinuity and the azimuth of the Ax distance
field hydraulic gradient, the greater is the Groundwater Hydraulic Gradient
c.mrespcrndence between the equipotential C““‘““I‘SFiEH st '_ 4 Groundwater Flow
lines of the overall flow field and those Biiget | Y ; ; : : : ;-
oy . .. . : In-Flane Resolution of in-plane hydraulic gradients in S, and 3, joints
within the discontimuity, with maximum {Ah/Ax) Flow : G . TR S
q _ | e " | (bedding plane has similar strike to S, — dip direction and angle are
PRLTEpRIEIRG LA Dl Bl Sm_ el Gradient in Plane A = Ah / Ax; ~ not relevant to the model solution). Geometric resolution results in
to the azimuth of the hydraulic gr 3'5_11'3“15 and Where: Ax,= Ax / cos@, a preferential tendency for groundwater and solutes to flow into S,
least correspondence where strike and joint planes with a pathway ratio (S, : S,) of 1.53:1.
hydraulic gradient are normal.

Joint Model prediction is that solute deflection will be toward the

Set 1 north 65 m for every 100 m of transport along the field gradient,

A particle of water at the intersection of planes of Joint Joint or a distance of approximately 300 m over the 450 m study area
Sets 1 and 2 (see adjacent figure) could flow into either Set 2 distance to the stream discharge.

For the problem of two sub-vertical joint sets where the hydraulic gradient 1 1s within the horizontal

discontinuity but with a greater tendency to flow into the :
ty e 4 plane, the x and v components of ground water flow are given by:

plane with the highest gradient. The azimuth of Joint Set 1 1s

at a lesser angle (8,) to the azimuth of the field hydraulic gr = (icosfy)(Kp sin® 6, + K2 sin? @) — (i sin 6, )(K 1 sin @y cos by + K0 sinfz cos H2) i _ _ _
gradient than is that of Joint Set 2 (8,). Comparing the in- e O e B e (5 B Sy (1) N Supceil‘llmpn?c: Znthant EETT phl-::tniaghdc?f tlllle site,

: : . . : to the stream only in the shaded zone shown at left.
the gradient in Joint Set 1 exceeds that in Joint Set 2 by a

Where 1 15 the scalar magnitude of the hydraulic gradient vector, q are the components of the areal flux
Field EHydraulic densi.t}f vﬁ:ctnr, Ko 15 the h‘_f,fdrauli.c cnpductivit}t of the m-th joint set, 6_ 1s t.he joint dip azimuth, and 8, 1s
the direction of the hydraulic gradient in the horizontal plane counterclockwise from the East.

Regulatory review had required monitoring wells
both east and west banks along the entire length of the
stream near the site (see adjacent figure).

factor of:
ip= (Ah/Ax /(AW AX,)

Gradient
and the preferential tendency for a hypothetical particle of (Ah/Ax) Because the flow problem is now 2-dimensional, one can easily re-orient the axes to coincide with the Red circles are locations of monitoring wells
water to flow into Joint Set 1, expressed as a percentage, 1s hydraulic gradient by subtracting 8, from every angle. selected with the current model in which solutes were
given by: | absent. The wells in the shaded plume area contained
_ Qs = ;'-;HN sin” H’i + H.‘*ﬂ sin® H.’E_I 7 solutes at predicted concentrations based on fate and
Cos 8,/Cos (180-8,) - 100 e e , s ; @ transport calculations.
_ _ _ ) ) @y = —i(K,1sind]cosl| + K,osinb;, cosby)

For a h}’I_mt_hE“Cﬂl tasc. il "’f*’h”:h 0, =20 a.nd 0, =-65 _ Based on stream monitoring, the focus of
the flow ratio into planes in Joint Sets 1 and 2 1s 2.2:1 for a _ _ Lot Where 8_°=0_— 0,, we can express strike angles relative to the hydraulic gradient, 8_”, as remediation is now on source removal with no plans
70% potential for flow into Joint Set 1 and a 30% potential Field Hydranlie ) for groundwater remediation.
for flow into Joint Set 2. Gradient %" = —u]s
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The same result can be obtained by a graphical vector (3)

resnl.utinn (see adjacent figures) of the field h}fdraulic | The simplified form of the flow components are: )
gradient and the two planes (see case study example in Joint Set 2 Conclusions

Panel 3). Qe = *’I'Ih';:l OS2 Hi" + f'-..'f,z COS? HE: '
Tt B 1 T B B (4) Non-Random planar fabric elements in consolidated rock formations are structurally dependent, occur
The non-randem partitionine of flow info fhe ioint sets [ @y = UHp1SING; costy + KyoSinb; costy) in sets with statistically consistent preferential orientations and form the majority of water-bearing planes.
. P g : ] : i s : : : : The differences of mean plane lengths, frequencies and spacings between the planar elements impart
and the differences in plane length and inter-plane spacing Tiihie Where 8. 1s now a strike angle relative to hydraulic gradient. : )
L I VI R . : strong anmisotropy to groundwater flow on the scale of the Representative Elemental Volume of the planar
- example, . . . . ) ;
anisntmp?nn s seale G gﬂ represejntative SRR B=d PR - The angular direction of groundwater tlow 1s given by: network, which tend to be defined on the scale of 10° to 10! m. On the scale of most flow and solute
| bich dto 1 les in £ . +h solute will be ., transport investigations (10! to 104 m) the reticulated nature of systematic and non-systematic joint sets
volume which can extend to larger scales in formations wit S — e vl g = arctan [ -2 b ot bedd; 1 . d e Haa] £ 6 ; h
S 2 transport i (5) with or without bedding plane partings, tend to preclude development of strong aquiler anisotropy on the
heterogeneous distributions of non-random planes. vector and the west over qx : .
solute the distance of scale of the observations being made.
. HaEH deflecting
On a local scale (~104 m) the reticulated nature of joint 200 m alon — K. isinf cosl, — K,-sin b, cos . . . . . . .
WAMAN o E'ecludes) onnced linear anisntr-::;l o L f, = arctan pr” "t Tpdt - a 2 (6) The REV-1mposed anisotropy 1s manifest on the scale of most study areas, however, in the deflection
= ! <y yy= LM . £ . .
bt thie ﬂ;; aftilsi-:}nin inE} AiPragant ThIHE Sets anEfar hydraulic Kpysin® 8] + Kposin® ¢, from the field hydraulic gradient of mean groundwater flow direction and solute transport. Testable
beddin laneg mvidesg T Jof P —— SRR ) gradient. Eeferences predictions of the angle and distance of deflection at compliance points based on this model can be used to
b ﬁedp deviagﬂn i ﬂprdirectiDn o | :*w,;.-uﬁ" 2 ﬁ;bab}%;&?gl.ﬁ?i;pﬁéh% ti- laige ]:S:,ESIE unsaturated flow in heterogeneous, stratified, and fractured geclogical media select HlDIlitDI'iﬂg locations for pll.lHlE delineation and monitmring.
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