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1-Introduction

The most challenging and problematic soil in a group of problematic soils is formed when gypsum is
present; conducting a project on such soils without accounting for and anticipating potential deformations
can result in catastrophic consequences (Al-Sauodi et al., 2013). In the dry state, gypsum acts as cement
and has good engineering properties. When it comes into contact with water and dissolves, it is removed
from the environment along with the water, leading to large holes under structures and, ultimately, their
settlement and destruction (Abbasi & Afsharian, 2018). Dissolution is exacerbated when water flows
through the soil, leading to mass loss through leaching. Leaching is the process by which water, both natural
and artificial, penetrates the soil, dissolves, and washes away soluble soil compounds (Al-Zgry, 1993;
Ahmad et al., 2012). Therefore, Gypsum soils can be seen as both a problem and a mystery (Casby-Horton
et al., 2015). Evaluating their engineering properties using both laboratory and in-situ methods presents its
challenges. Therefore, in this study, to analyze the leaching and dissolution effects on the settlement and
collapse behavior of these soils without any disturbance errors, the plate loading test (PLT) method was
used in dry and saturated conditions at the Masjed Soleiman petrochemical site.

2-Material and methods

The purpose of this study is to examine the settlement and collapse characteristics of gypsum soils (of the
Gachsaran Formation) in dry and saturated conditions. For this purpose, based on where the Masjed
Soleyman petrochemical tanks and sensitive structures are located, six wells have depths of between 1.5
and 2 meters and a length and width of 2.5 meters and to located the loading plate, a small well with a depth
of 10 to 15 centimeters and a diameter of 85 to 90 centimeters designed and implemented in the silt and
clay with gypsum layer of the Gachsaran Formation. To evaluate the effects of water leaching and gypsum
dissolution, PLT tests were conducted under dry and saturated conditions according to ASTM D1195.
Additionally, to assess their engineering geological properties, sampling was conducted at the plate loading
test site, and their physical and mechanical properties were evaluated in accordance with ASTM standards.
In addition, thin sections of the soil were prepared using saturated petropaxy resin to study the clay
mineralogy, microscopic, and micromorphological properties of the soil. Turbidimetric and experimental
methods also measured the percentage of gypsum in soil samples, and then, using weight-volume
relationships (Opukumo et al., 2022) under the criteria of Priklonskij (1952), Clevenger (1958), Feda
(1964), and Ashour et al. (2020), the collapse of gypsum soils was evaluated. At last, the factors that affect
the settlement and collapse of gypsum soils were assessed.

3-Results and discussions
By combining the final settlement results from the in-situ PLT test with the laboratory data of the samples,
The factors that affect the settlement and collapse of gypsum soils in the region can be considered related
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to eight factors: soil texture, Atterberg limit, void ratio, gypsum content, carbonate content, compaction,
the presence of water in the region and the initial degree of soil saturation. As shown in Figure 1, Sample
P3 experienced the greatest settlement and collapse, with a higher content of coarse-grained particles (sand
and silt) and the highest liquid and plastic limit values. Sample P6 reports lower settlement due to its high
content of fine-grained particles, even when the soil is saturated. Gypsum acts as a cement in soil until it
dries out, exhibiting a settlement rate similar to other soils. However, when water is present, the gypsum in
the soil undergoes leaching, leading to a doubling of soil settlement in saturated conditions compared to
dry conditions, as observed in sample P1 (Figure 1). Although the void ratio and soil collapse increase by
removing gypsum and other dissolved soil materials under the influence of the leaching process,
Nonetheless, the leaching intensity, void ratio, and the level of soil collapse due to compaction in sample
P2 were low, because the soil compacts more, the permeability and leaching decreases due to the reduction
of interstitial spaces between soil particles (Figure 1). This finding can help address the issues of
maintaining ground stability and reducing subsidence in areas with high gypsum soils. Ultimately, it is
predicted that Sample P2 will experience the same fate as Sample P3 due to increased leaching intensity
and the removal of soil-soluble materials.
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Figure 1. Examining the correlation between the ultimate settlement values measured in dry and saturated
condition through the PLT test and (A) the soil 'class, initial void ratio, and gypsum content (B) the
Atterberg limits of the soil, as well as the initial void ratio and gypsum content, (C) initial void ratio, void
ratio at optimal moisture content, carbonate percentage, and gypsum content and (D) natural and maximum
dry unit weights, of the samples.

4-Conclusion

This research examined the settlement and collapse of the silt and clay with gypsum layer within the
Gachsaran Formation at the Masjed Soleyman petrochemical site, using in situ PLT test data and soil
mechanics laboratory results. The results indicated that the soil at the formation's beginning contained
significant salts and evaporated minerals, such as gypsum and anhydrite. The high solubility of gypsum
and evaporite minerals, combined with the presence of water and soil micromorphology evidence, indicated
significant leaching of gypsum particles from the soil over human time scales. Soil leaching is predicted to
intensify over time, and the soil will change from a solubilizing state to a collapsing state, depending on
soil class, void ratio, Atterberg limits, gypsum content, carbonate content, soil compaction, water presence,
and the initial degree of saturation. As a result of this process, some of the soil has been lost, the cement
bonds have weakened, and intermolecular bonds have started to break, leading to a porous soil structure
characterized by substantial voids, akin to caverns within its matrix. So that in this region, the soil most
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susceptible to collapse and settlement is silt soil with gypsum, which has 78% coarse particles (silt and
sand), an initial degree of saturation and a liquid limit is 13 and 41%, respectively, and is affected by the
natural leaching process (infiltration process or changes in groundwater levels) its initial void ratio reached
above 60%. In addition, when encountering gypsum layers, it is also essential to consider not only
groundwater level maps, but also the groundwater flow direction map and the compaction of the geological
layers in the area.
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Fig. 2. PLT test dimensions and position (a) The Location of PLT pits at the petrochemical site after grading operations,
(b) Dimensions of PLT pits, (¢) Execution of PLT pits, and (d) Location of PLT wells at the petrochemical site on the
geological map of the Gachsaran Formation (based on drilling data from 113 boreholes (Zamin Physic Pooya Company,

2015)

\YY



Y O)Lo.«.i) N0 0)56 AF-¥ ).;JLJ

a

wa W K 5
A0yl Lgoﬁ)lf (s.gl-’-w o) ;}ﬁl‘:’f)‘/:‘p:apl,

. =
oS g (glwoslel () (iulejl 5,50 Sal> oo 40 )by 5,l38 1> 5 (g3lweslel @) lamino 5,135 ,L iulesl plosl J>lpe -Y IS
el () g Sz Lylys o islesl alil (@) i) (5,5 05lal slagS (d) oo Fr 59 b oles Jlos! by (€©) ¢ iy SeS L o)Ly
Elsl Lyl 5o e

Fig. 3. Steps to Perform a Plate Load Test (a) Preparation and placement of overhead equipment at the test pit location,
(b) Preparation and adjustment, of overheads with the help of a crane, (c) Final applied overhead weighing 40 tons, (d)
Strain gauges, (¢) Conducting the test in dry conditions, and (f) Conducting the test in saturated conditions.
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Fig. 4. These instruments can be used to measure the amount of gypsum in soil: (a) centrifuge, (b) reciprocating shaker,

and (c) turbidity meter
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Table 1. Ultimate settlement values were derived from PLT tests carried out in various pits under both saturated and dry

conditions

PLT Condition
PLT, Dry

PLT, Saturated
PLT; Saturated
PLT; Saturated
PLT4 Saturated
PLTs Dry and Saturated
PLTe Dry and Saturated

Ultimate Settlement (mm)
23
43
9.4
95
84
75
14.5
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Fig. 5. Pressure-settlement curve in state: (a) Dry PLT1, (b) Saturated PLT1, (c) Saturated PLT2, (d) Saturated PLT3, ()
Saturated PLT4, (f) Dry and saturated PLTS5, and (g) Dry and saturated PLT6
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Table 2. The physical characteristics of the samples

Soil LL %' PL Soil Class Sand Clay Silt W
Class (Cone PI % o LL % (USDA) Percent  Percent  Percent o PLT
(Unified) Penetration) ° % % % °
CL 36.3 149 229 378  Silty ClayLoam  14.5 27.15 5835 2.6 P
CL 30.9 93 22 313 Silty Loam 19.85 19.3 60.85 24 P,
ML 414 797 333 413 Silty Loam 16.1 21.5 624 32 Py
ML 34.8 8§ 254 334 Silty Clay Loam 10 313 587 33 P
CL 37 15 235 385 SiltyClayLoam 6.3 37.45 5625 2.5 Ps
CL 39.4 18.1 202 383 Silty Clay 5.85 42.35 51.8 2 P
bdigei SHlSe Slastie -V Jgo
Table 3. The mechanical properties of samples
S% €% @OMC) e% (kNmdyy, OMC(%) Gs MDW (kN/m®) CMW (kN/m®) PLT
12.96 47.26 52.15 16.76 15.50 2.6 17.32 17.2 P
12.86 33.7 44.80 16.26 12.00 2.4 17.61 16.65 P
13.33 49.68 62.43 15.70 17.94 2.6 17.04 16.2 P;
18.09 44.26 45.60 16.84 17.00 25 17 17.4 P,
14.12 41.07 46.05 17.46 16.60 2.6 18.08 17.9 Ps
10.52 46.70 4981  17.156 16.70 2.62 17.52 17.5 P
100 =
1
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Fig. 6. Samples grading curve

\Y#



A O)Lo.»i) N0 o)gd AF-¥ ).».!Li

a

“n - R . . “.
A8 e Lgdﬁ)ls stl-w O+ ],‘;"'Iorf/:“-:a¢b

Py g P1 sladisei 55, » XRF LT gl =¥ Jgar
Table 4. The results of the XRF analysis, samples P; and P,

P, (%)
17.15
0.308
4.011
6.763
23.288
15.006
0.071
1.177
28.895
0.369
2.753
0.172
0.037

Py (%)

21.32
0.339
4.319
9.593

35.037

0.111
0.142
1.453

24.804

0.6
4.053
0.038
0.018

Oxides
LOI
Na20
MgO
AL203
Si02
SO3
P205
K20
Ca0
TiO2
Fe203
Sr
Zr

BURY Y GNP EVEN Lt VI BN CYRPIN - SO Y
lam g eadeldl wShgy () bawy S slagd!
A8 edus b 09w Ve o (b 9 sdiesls O Sis
hoslatwl b oyl b Sy Sas awgs odelawsd ablio
s olesS, 5 ;0 XPL) ablae 5 (PPL) oolw 5 4o
aad 518 oLl e, 40X) ablas 5 (10X)
pas g Ssden 4 baiged cuiloy Jowe (Suop ade &
Slasie adllhe 5)50 odguxe LS oSS
P 0 Soden alie Loyl laaised (Sojslstyges e
555 opmlS el Sladyl slo SIS 51 sk ol latigas
S0 5l (A USE) al eaus Wil ST 8 Ay b lewals
Oygots g RS (Saby LSL o a8 5SS slaosn
SO IRV PRI 35 [P EDIPRINE S
39585909 500 (udbl (bl ladlaS1S (s ) iy S
Sy &,904 (Verrecchia and Trombino, 2021) S

ol

PO Geizped il oo 00piS 2é 5 planels (Vuggy)
&S sy JoassS JSb se o @S slalios,S U5
SEgla@dl 0 (0 Juz) Sl jea> Jds a0k Jleixlay
s 4y #8lg,o .(Buck and Van Hoesen, 2002) oib o
slails gla sl LSas a4 o S a8 Rl aS w00
Gl a8 s weas S gl Slilgedy g5 s
by 5 0l g sla S 4 &5 ol rals b Sal
Jafarzadeh and ) o4l o 0959 @ Solas al,T L 1,

89 015 (S diged (ow) p Egemxe,o (Burnham, 1992

\YY

Clay-XRD ;U1 ladiges cwliis SIS jglaied cyizon
s S Gl 5l o P2 g PL &igei 95 55,
ool 1ol (Fabledl o 5 S5 S50 5l s
95 Sl (o) oSl diges 90 p2 50 Led jled g oSS
Skl g Ko i 09 (LS 4 azg b S — ol
(Y USS) ol ools jauseis
S @y 535 oy i = F - F
D9y sk 90 3l e sladigel 0 & e Gl
@7 9y 5 (e 05508) ST b Jlsie 65250 las
pdS Ly S ATl paioman .ay8 )5 oolaxwl (Y o) Lulg))
1 el S g Sligasy oais JoSis sl o pten 51 (S
Slo,S aoyd e jekaiedy Gl o plxl alny Lo
9 lol?u‘ )Lg dw )‘ o @L..a .‘.\.3‘.); sslazul Lbd..:}u
G g b ool cdslin BB O Joux 0 (6,5 Kl
P3 P2 aigas ¥ o 45 &5 jlode a8 5 & 50 ol iale;]
Oyg0 Ay s aiged Olu S lade g 009 G0 O 51 5YL
Dgy o, VE-YA (o S 1giSS
SL $39d9d,909,500 (my =0 F
G (S5 baiged 1o b g5 Jlade )15 4 azg L
odnlive bl Feogas 50 Swd slaasolS o > aS baiges
I SE 39098 5909 S0 F3a35 Dlalllas S (A JS3) 0
0,5 Ay S ablas basges



A O)w N0 0)5») AF-¥ ).».!L:

a

wns ., . e
W i )5 (ol e I ikl

sl Sl 518U @b e lvoj50 55 5 039 Il oy
Sl 5 el @550l g ol Sblogi 5 coaS L
2 gy ol sladidly 205 oo salls I sy )50,
@l b 2 S Sl » ol U epas
o8 s Hashemi 4 (Y--A) Jalalian sHonarjo

Syl Sladran (Y41 Y)

800

e s slo sl 51 (295 Hobs azliy Conl oot JSas
Oygon P2 aiges ozmen ml Gl b (2l 0 &8
Snb P 0 a5 FHpe,0 abedsd Cgw, (Saby JSS
JUl g S sty 4y y2xie (5359008 il G Olgiey
5 4 ol el o oaal s S5 5 g,
&Sl} )O k576? é‘}n éa.?u ss&m} 6l-°°)3° 6]0 )0 M)GA

Sample P1

cls

500
400
300
200
100
0

3 4 5 6 7

9 10 1" 12 13 14
2 Teta

[—=51216 —51216E_—51216H

Clay Minerals

Chlorite (Mg,Fe)6(Si,Al)4010(OH)8

Mica _ illite (K,H30)AI2Si3AIO10(OH)2

P1 digas ¢ guy (omoliin S 5IUT-Y S
Fig. 7. Analysis of clay mineralogy, sample P,
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Table 5. The percentage that contains both gypsum and carbonate in the samples

Gypsum pe(r) fHSlg}ihed Grams Gypsuml\ll’:srgz?‘zﬁ)l(;g/)[ufty and Carbonate Percentage% Location
2.03 3.38 28.81 P,
16.49 22.26 26.85 P,
5.42 6.72 27.4 P;
2.52 4.34 27.41 Py
2.16 3.38 27.26 Ps
0.64 2.65 27.08 Ps
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Fig. 9. Micromorphology of Soil Samples in the Study Area (a) Cumulative presence of lenticular gypsum crystals, sample
P2 (PPL), (b) Cumulative presence of lenticular gypsum crystals, sample P2 (XPL), (c) Presence of lenticular, twinned
and co-grown gypsum crystals along with crushed gypsum and feldspar crystals around irregular and vagal cavities,
sample (XPL) P1, (d) Presence of lenticular gypsum crystals along with crushed quartz crystals, sample P6 (PPL), (e)

Presence of small lenticular gypsum crystals in the carbonate mud background and vuggy-shaped cavities P5 (XPL), and
(f) Presence of small and destroyed gypsum crystals next to large vuggy - shaped and irregular cavities P3 (XPL)
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Fig. 11. Assessment of the collapse potential of samples based on the fitting criteria Ashour et al. (2020), based on (a)
initial void ratio, (b) initial dry unit weight, and (c) initial degree of saturation

YAID cud 5 do (s g dnle) wloccls o olyd 5YL (glgioe
5 ol 0nlidl st ML 28l gonail b g aoys SAIY
FYNO) YL ailsgs ) olyd slaioa o9 Lo Judo a4y Po aiged
S e G ) (ka8 s oS gLl b i (o
L awslae ;o g 3omb (S cdow g avl &l asT >
Sosinn Lugs Sl,d S 5 onl ;5 5 anils au, &,
JRECTES O PUES TP IR VOUNE S L VR VRpE{ FOWS Fppw
510 el 5 anle glaals (S glsl b g col 428 5 IS
S slad jo 9 Wioe RIS Sy 2 oy D S
958 (LS g55 (ol (Vb Sy S 4y 4z 5 L) glails oy
WS () S (o0 Iy e el SIS a0 5 W0
5 S il judi pgas o (V44Y) Petrukhin iegy L
5 od gldl jl (25 Gl (Sais; 0 ool
(\aY+) Dudley 4 (14£) |, Ken s Barden sla ing3

20 Slores (85598 SlbS L egaz )

\YY

9 SRMNCwds p Fgo Jolge owyy = A = F
5 LS iy 9,8

el ol (g5 s ol RIS o 5 L ol
Fae Jelge olgs oo lrdiges alKiole;l slaosls g PLT >
Sy90 |y adlain o (5 S S 39,8 9 (s pdyCanis
D)0 18 Jelodisan o 5 o)

S cdbo_A_F

G’LQ‘ ot polie bL3 )| s 9 )00 Jola> 4 axgi L
S il b bl 5 i byls o PLT Lyl 5l Lol>
VY JS0) adiged cf Slyoe g adsl ‘;9.5 Cos s ol yoo
Jdo 4 b & Gl b slasls 0 28l g
).:J.:J)Lz_;‘ é‘s,c “9) Cawd )l 9 oolidl d‘.ﬂ.:‘ ‘jng_j IR W)
4 gt bl e Sdine, b alie SIS, WS

L Py g P3 sladiges ;o (h5)9,8 9 Conid Jlake (o yiden



A O)Lo¢z N0 o)5a AF-¥ ).».:la

a

wns ., . e
W i )5 (ol e I ikl

—»%— Gypsum Percent Al-
Mufty and Nashat

settlement (mm)
[%a)
(=]

2000) o
........... ypsum % (Turbidity
Method) 40
30
Ultimate Settlement
_— Saturated Condition 20
Ultimate Settlement 10
Dry Condition
0

|| Ultimate Settlement Dry

and Saturated Condition PLT1

PLT1

Grain Size 100 90
(Sand+5ilt)%
90 20
Clay Perecent %
80 70
—_——c. 70

PLT2

) (] &= (%2} =1}
=] =] =] =] =]
Grain Size Content, Clay Content, Gypsum
Content, Void ratio (%)

[y
=}

[=]

PLT3 PLTo

location

PLT4 PLTS

Slsims 5 asl Say o bolyom S il b glosl o Sas Luls s PLT (ialojl 5 Jols oo Gt ppolie DL | gy =) Y S

losises &5

Fig. 12. Examining the correlation between the ultimate settlement values measured in dry and saturated conditions
through the PLT test and the soil class, initial void ratio, and gypsum content of the samples
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Fig. 15. Examining the correlation between ultimate settlement values from PLT tests conducted in dry and saturated
conditions and the natural and maximum dry unit weights of the samples.
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