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Synergistic regulation of dynamic capillary pressure during fracturing fluid injection and
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Abstract: The deep tight sandstone gas reservoirs (3 680~4 250 m) in the Shaximiao Formation of the Zitong Block, Sichuan Basin, exhibit
distinctive geological features: nanopore—throat dominance, strong compaction and cementation, and coupled wettability hysteresis and clay
swelling. These features cause severe fracturing fluid invasion, low flowback efficiency (typically<20%), and compounded damage from
water blocking and clay swelling, significantly hindering efficient reservoir development. To address these challenges, this study conducted
full-cycle core—flooding experiments on natural samples from the first member of the Shaximiao Formation. Using a high—temperature high—
pressure dynamic capillary pressure testing system under simulated reservoir conditions (82 °C, 40 MPa confining pressure), we simulated
water—flooding—gas (fracturing fluid injection) and gas—flooding—water (flowback). Fifteen core samples with gas permeability ranging from
0.071x107° pm” to 1.158x107° wm*were divided into three groups: ultra—low permeability (K<0.1x107 wm?), low permeability (0.1x107 pm*
<K<1.0x107 wm?), and relatively high permeability (K>1.0x107 wm* ). The results reveal three key findings. First, during water flooding,
dynamic capillary pressure transitions from a driving force to flow resistance as water saturation increases, with a critical transition at
approximately 37% saturation. This resistance growth is more pronounced in lower—permeability cores (K<0.1x107 pm®). Second, during

gas flooding, capillary pressure consistently acts as a resistance that intensifies with decreasing water saturation; ultra—low permeability
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cores exhibit resistance 1.5 to 4.0 times greater than high—permeability cores. Third, a quantitative relationship was established, revealing

the synergistic amplification mechanism of high nanopore—throat proportion (>70%) and illite—~dominated wettability hysteresis (dynamic

contact angle deviation of 30°~45°). Based on these findings, we propose an optimized flowback strategy comprising “rate—controlled

injection, staged gentle flowback, clay stabilization, and real-time adjustment,” with differentiated engineering measures integrating

permeability zonation and geological characteristics. This research provides experimental and theoretical support for refining fracturing

design and optimizing flowback regimes in the Zitong Block, and offers valuable guidance for developing analogous deep tight sandstone gas

reservoirs in the Sichuan Basin and beyond.

Keywords: deep tight sandstone gas reservoirs; dynamic capillary pressure; wettability hysteresis; fracturing fluid flowback; permeability
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Table 1

Petrological characteristics of the 1st Mmeber of Shaximiao Formation, Zitong Block, Sichuan Basin
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Table 2 Basic parameters of experimental core samples
from the 1st Member of Shaximiao Formation, Zitong
Block, Sichuan Basin
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Table 3 Comparison of proportion of nanopore throats obtained by different testing methods, the 1st Member of Shaximiao

Formation, Zitong Block, Sichuan Basin
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Table 4 Key structural and interfacial parameters of cores with different permeability from the 1st Member of Shaximiao

Formation, Zitong Block, Sichuan Basin
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Table 5 Experimental testing scheme for dynamic capillary
pressure of reservoir rocks from the 1st Member of
Shaximiao Formation, Zitong Block, Sichuan Basin
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Curves of dynamic capillary pressure vs. water saturation

B S1/MPa

Fig. 1
during water flooding gas displacement in cores with different
permeabilities, 1st Member of Shaximiao Formation, Zitong Block,

Sichuan Basin
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Table 6 Key structural and interfacial parameters of cores with different permeabilities, 1st Member of Shaximiao
Formation, Zitong Block, Sichuan Basin
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Fig. 2 Relative permeability curves during water flooding gas in
ultra—low permeability core (A—1), 1st Member of Shaximiao

Formation, Zitong Block, Sichuan Basin
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Fig. 3 Curves of dynamic capillary pressure vs. water saturation
during gas flooding water displacement in cores with different
permeabilities, 1st Member of Shaximiao Formation, Zitong Block,

Sichuan Basin
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Fig. 4 Schematic comparison of pore structure, fluid distribution
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and dynamic capillary force mechanism of low—permeability and
high—permeability cores, 1st Member of Shaximiao Formation,

Zitong Block, Sichuan Basin
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Fig. 5 Quantitative relationship between dynamic capillary
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pressure and permeability at a specific water saturation (S, = 65%),

1st Member of Shaximiao Formation, Zitong Block, Sichuan Basin
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Table 7 Recommended regulation parameters for different displacement stages in low—permeability and ultra—low-

permeability tight sandstone gas reservoirs, 1st Member of Shaximiao Formation, Zitong Block, Sichuan Basin
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