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Abstract:

The Zagros fold-thrust belt results from the continent-continent collision between the
Arabian margin and the Eurasian plate following the closure of the Neo-Tethys Ocean during
the Tertiary. Despite some ongoing controversies about the timing of the onset of the collision
there is little doubt that the main episode of the cover shortening in the Zagros folded belt
occurred since about 10 Ma as suggested by the youngest folded strata of the Agha Jari red
marls.

Shortening by about 70 km derived from balanced sections across the Zagros folded belt,
yields shortening rates of 7 km Ma™ consistent with the present-day rates of 0.7 cm yr™* based
on GPS studies. A major unconformity between the Agha Jari formation and the Bakhtyari
conglomerates indicates that cover shortening decreased or ceased 5 Ma ago. During or since
the deposition of the Bakhtyari Formation, the Zagros fold belt underwent a regional uplift
whose origin still remains enigmatic. The deformation is characterized by periodic folding
with axial lengths sometimes greater than 200 km. This fold geometry is outlined by the
limestone beds of the Asmari Formation, which is one of the main oil reservoirs in the Zagros.

The Zagros also serves as the main originating headspring of the rivers running into the
Persian Gulf and Oman Sea watersheds. Among all these rivers, the major ones are: Arvand
Rud, Gamasb, Karun, Rajah, Zaal and Marun join and form Jarahi, Seymareh, Qareh
Aghaj, Zohreh, Dalaki, Mend, Shur, Minab, Mehran and Naband. Therefore, the Zagros
region has high potential for dam construction to control surface water for electric energy,
water supply for irrigation of agricultural lands and land reclamation.

Among various formations in the Zagros region, the Asmari Formation limestone with
relatively exclusive characteristics such as rigidity and morphology is a suitable rock
foundation for dams in the Zagros range. It should be considered that the Asmari limestones
constitute a series of double plunging, asymmetrical folds with northwest-southeast trend
and that the southern flanks are steeper than the north-eastern ones (70° to 90° locally
reversed). Due to varying inclinations, there are much more curvatures of strata in the
southwestern flanks of folded structures, with different characteristics of the rock mass in the
two flanks of the anticlines. The anticlines, particularly in the Asmari Formation, contain
tension-induced, open fracturing which has introduced significant secondary permeability.

Engineering geological investigations indicate that there is a clear relationship between rock
mass characteristics of the Asmari Formation and tectonic activities such as various tilting
and curvature rates of strata at folded structures in the Zagros Mountain range.

In this regard it should be considered that the upper and middle units of the Asmari Formation
that constituted the main dam foundation rock mass on the northern flanks are influenced by
karstification processes which have resulted from aggressive mineral waters. Thus huge karst
features and cavities can be observed, where the Gachsaran evaporites stratigraphically
overlie Asmari Formation succession limestones. The aggressive mineral waters originating
from the Gachsaran Formation play the main role in karstification of the Asmari Formation
limestones, whereas the lower Asmari is less influenced by these solutions and karstification
processes as it is restricted to where the Karun-3 and Karun-4 dams are situated.
Reassessment of available data and geological investigations during this research, lead to a
new proposed configuration of engineering characterization of the rock mass for the Asmari
formation limestones in the Zagros Region.
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Figure 4.4.8. Panoramic view of the Khaviz Anticline and Marun dam location with the main faults and fracture
systems. The Keystone graben caused by extensional process at outer core of anticline during compressional
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Figure 5.3.3. All possible rock wedges due to intersection of the major joint sets, Js.1, Js.3 and bedding planes in
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on distribution of shear stress can be observed with A- normal stress distribution, B, C and D are shear stress
distributions in perspective view, side view and top view of tunnel respectively. The instability of wedge 8 can
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Figure 5.6.2. Finite elements mesh of normal and shear stresses for all possible wedges because of intersection
of discontinuities in the diversion tunnel. Critical wedges are based on the distribution of shear stress and the
shapes of wedges in A-B and G-H. In the other cases, the instabilities will be small and local........................ 1944
Figure 5.6.3. Pattern and arrangement of rock support elements in good quality rock of the middle unit of the
Asmari Formation. The support elements will be spot bolting and 30 mm shotcrete in the roof and in the sides if
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Figure 5.6.4. Relationship between major and minor principal stresses also normal and shear stresses for the
Hoek-Brown and equivalent Mohr-Coulomb criteria for GSI 45 in the middle unit of the Asmari Formation. . 197
Figure 5.6.5. Relationship between major and minor principal stresses also normal and shear stresses for the
Hoek-Brown and equivalent Mohr-Coulomb criteria for GSI 62 in the middle unit of the Asmari Formation. . 197
Figure 5.6.6. Relationship between major and minor principal stresses also normal and shear stresses for the
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Figure 5.6.8. Relationship between major and minor principal stresses also normal and shear stresses for the
Hoek-Brown and equivalent Mohr-Coulomb criteria for GSI 37 in the upper unit of the Asmari Formation. ... 200
Figure 5.6.9. General Geological Strength Index (GSI) chart, for jointed rock masses (Hoek and Brown 1997,
Hoek and Karzulovic, 2001). The shaded area is indicative of the distribution of the geological strength index of
the various rock mass units in the Asmari Formation at the Salman Farsi dam. ..........ccccocvvvvinienini v, 201
Figure 5.6.10. The lithological units and engineering rock mass characterizations of the Asmari Formation at the
Salman Farsi (Ghir) Aam PrOJECL. .....c.iiuiiiiiiier bbb bbbt e e 202
Figure 6.1. Schematic geological cross section of Asmari Formation limestone at the Zagros folded belt. The
situation of the dam sites on each flank can be observed as Well. ... 203
Figure 6.2. A simple block diagram of Asmari formation limestone at the Zagros folded belt. Southern flank
clearly indicate much more gradient of strata between 70°- 90°, on contrary the northern flank has dipping
between 20° to 50° toward the northeast therefore due to less curvature of strata fewer tectonic features can be
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Figure 6.3. Histogram of RQD values for the Asmari formation limestone, calculated for Karun-3 (K-3), Karun-
4 (K-4), Seymareh (Se), Marun (M), and Salman Farsi (Sa) dam SiteS. .........ccccoreeierieierniersee e 205

Figure 6.4. The different geological condition of dam localities, (A) Seymareh, Marun, Salman Farsi in the
northern flank and (B) Karun-3, Karun-4 in the southern flank of the anticlines. The situation of dam body/cut-
off curtain and reservoir on one hand and distribution of the Pabdeh, Asmari and Gachsaran formations with
various permeabilities on the other hand is of considerable matter in the point of view permeability and

LT L o 1 TSRS 206
Figure 6.5. The stereographic projection of major discontinuity sets in the Asmari formation limestones at the
various dam locations. The slope stability based on intersections of major joint sets and rock slope faces
indicates various kinds of rock failures such as planar, wedge and toppling in the area. ...........cccocvevvevrcieenene, 209
Figure 6.6. The schematic block diagrams showing geological conditions of the Asmari formation limestones as
the main dam foundation rocks and dam localities in northern flank sites (A- Seymareh, Marun, Salman Farsi)
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case B, wedge and toppling failures toward the reservoir and gorge and planar failure toward the gorge will be
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Figure 6.7. The typical block diagram and geological section of the Asmari and Gachsaran formations in the
Zagros folded belt and the possibility of land slide hazard after impoundment of the reservoir. In general rock
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Figure 6.13. Rock slope failure after application of unreinforced shotcrete on marl units of the Asmari
Formation. The marls or such rocks need to be stablized by reinforced shotcrete due to ductility and
deformability of the rock mass. The vertical extensional joints and fractures due to gravity movement of the rock

mass can clearly be observed (Karun-3 dam site, entrance gate, 2007). ......ccooiiriniinineineeeseeese e 217
Figure 6.14. Steel fibre types available on the North American market. (after Wood et al., 1993). (Note: all
IMENSIONS AT TN MIM). L.ttt h bbb bbb bbbt bbbt e bbbt bbbt bt e bt b b s e 218
Figure 6.15. Histogram of RMR values for the Asmari formation limestone, calculated for Karun-3 (K-3),
Karun-4 (K-4), Seymareh (Se), Marun (M), and Salman Farsi (Sa) dam SiteS.........ccoceveriiriiriinieienenene e, 220
Figure 6.16. Histogram of UCS values for the Asmari formation limestone, calculated for Karun-3 (K-3),
Karun-4 (K-4), Seymareh (Se), Marun (M), and Salman Farsi (Sa) dam SiteS..........cccceevvvvrivrivnieiesiesesesnennan, 221
Figure 6.17. Histogram of GSI values for the Asmari formation limestone, calculated for Karun-3 (K-3), Karun-
4 (K-4), Seymareh (Se), Marun (M), and Salman Farsi (Sa) dam SIteS. ......c.cccevverereiieriisiesieerierene e e e 221

Figure 6.18. Geological Strength Index (GSI) chart, for jointed rock mass (Hoek and Brown 1997, Hoek and
Karzulovic, 2001, Marinos and Hoek, 2005). The shaded areas indicate the distribution of geological strength

index values of the various rock mass units of the Asmari FOrmation. .........c.ccoceveiinniieinice e 223
Figure 6.19. Relationship between RMR and rock cutting rate. (after Fowell and Johnson, 1982). .................. 227
Figure 6.20. Relationship between net allowable bearing capacity and Rock Mass Rating (after Mehrotra, 1993)
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