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ABSTRACT 

In this research, the post-construction movement of the Masjed-Soleyman dam in southwest Iran was 

investigated using 15 years of terrestrial geodetic measurements between 2000 and 2015. The stability 

analysis of the dam body was assessed using the settlement index (SI) criterion. Moreover, a relaxation 

model was developed for the prediction of deformation in time. The results show that between 2000 and 

2015, the middle part of the crest (382.0 m) experienced the highest settlement of about 3.5 m, equivalent 

to about 2 % of the dam height. For the downstream slope, the middle part of the dam body at 350 m 

shows the maximum cumulative settlement of about 1.2 m in 15 years. The maximum cumulative 

horizontal displacement belonged to the middle part of the downstream slope, reaching about 1.4 m. The 

points located near the side staddles experienced smaller horizontal and vertical movements; the maximum 

cumulative vertical and horizontal displacements for side points of the crest were about 1 m and 0.7 m, 

respectively. The stability analysis using the settlement index shows that the points on the downstream 

embankment have the normal values of settlement index (i.e., 0.02) during the examination, and thus, their 

settlement could be considered as creep or secondary consolidation. However, the points located in the 

middle part of the crest exhibit a settlement index that exceeds the instability threshold. The relaxation 

model that developed in this study suggests that except for some points located on the bottom part of the 

downstream slope of the embankment, the settlement of the other points will continue for the next few 

years, even after 30 years of the dam operation. However, the maximum rate of deformations would 

decrease and reach from 25 cm/yr for the first 15 years of dam operation to 10 cm/yr in the 30th year of 

operation. 
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1. Introduction 

Dams are important structural barriers that have several 

functions in water reservoirs, including storing drinking 

water, flood control, agricultural irrigation, and power 

generation. They are subject to internal (e.g., weight of the 

loadspressure) and externaldam body, reservoir water

(e.g., earthquake, changes of temperature) that cause 

deformation. This deformation needs to be monitored from 

construction until filling the reservoir, as well as during the 

operation, to ensure that the dam operates within safety 

limits  (Gikas, Vassilis, sakellariou, & Michael, 2008) . The  

 

 

monitoring methods for evaluating dam safety can be 

divided into two categories: (1) non-geodetic (geotechnical) 

methods, (2) geodetic methods. Geotechnical methods are 

based on installing a set of mechanical tools such as strain 

gauges or extensometers, inclinometers, inverted pendulum, 

and other similar devices inside the dam structure 

(Dunnicliff & John, 1988). Geodetic techniques include 

either terrestrial surveys such as classical or GPS 

measurements  (Radhakrishnan & Nisha, 2014) or remote 

sensing methods like SAR Interferometry (Hanssen, 2001)  

(Massonnet & Feigl, 1998) (Emadali, L, Motagh, M, & 
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Haghshenas, M, 2017)  (Shamshiri, et al., 2014) (Milillo, et 

al., 2016). 

In this paper, the post-construction behavior of the Masjed-

Soleyman dam in southwest Iran (Figure 1) is investigated 

using 15 consecutive surveying measurements from 

December 2000 to May 2015. This dam is a large earth core 

rockfill dam (ECRD) with a large size vertical clay core 

constructed in 2000. The detailed information about the 

geometry, construction, and filling of the reservoir, as well 

as the investigation carried out on contemporary 

deformation using SAR interferometry, are given in  

(Emadali, L, Motagh, M, & Haghshenas, M, 2017). The 

cross-section of the dam that includes a vertical clay core, 

transition (filter) zones at two sides of the core, and 

upstream and downstream sand-gravel shells is shown in 

Figure 1c. The technical specifications of the Masjed-

Soleyman dam are summarized in Table 1 (F, 2004). 

 

Table 1. Technical specifications of the Masjed-Soleyman 

dam 

Height from 

foundation 
177 m Slope of upstream 1 / 2 

Crest  length   497 m 
Slope of 
downstream 

1 / 1.75 

Width from 

toe to toe 
780 m Power station 

2000    

MWatts 

Width of 

crest 
15 m 

Capacity of 

spillway 
21700 
m3/sec  

 

 

 
Figure 1. The Masjed-Soleyman dam; (a) Location of the dam in the Khuzestan province, Southwest of Iran; The black circle 

shows the location of the dam; (b) Embankment, spillway, and the water reservoir of the dam; (c) Cross-section of the dam at the 

chainage of 260 m including foundation, clay core, filters, upstream and downstream shells. 

 

Figure 2 shows some ground pictures of the damage and 

destruction that occurred on the crest and embankment of 

the Masjed-Soleyman dam from its deformation. Settlement 

of the crest, especially in the middle part of the dam, creep 

of upstream and downstream rock-filled shells, cross and 

longitudinal cracks along the crest are abundantly seen in 

different parts of the crest and embankment of the dam. In 

the following, we present the results of terrestrial geodetic 

surveys performed between 2000 and 2015 to monitor and 

assess the vertical and horizontal deformation of the dam. 
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Figure 2. Exemplary ground pictures of damages and cracks of the Masjed-Soleyman dam. (a) Settlement of crest and creep of 

the upstream embankment, (b) cross cracks along the crest, (c) longitudinal cracks of the crest, (d) vertical displacement and 

cracks at the crest as a result of the settlement of earth body of dam with respect to the concrete spillway. 
 

2. Data and methods 

2.1. Terrestrial Surveying  

Following the construction of the Masjed-Soleyman dam, a 

geodetic network was created on and around the dam to 

measure the horizontal and vertical displacement of target 

points installed on the dam. The monitoring system includes 

three sub-networks as (1) two dimensional (2D) network of 

reference points (off-dam), (2) 2D network of target points 

established on the dam body (on-dam), and (3) a leveling 

network. Also, two 3D networks were created to monitor 

the spillway, consisting of 10 target points, and galleries, 

consisting of 10 target points). All the points of geodetic 

networks were constructed as concrete pillars with a forced 

centering system to minimize the centering errors of 

surveying instruments (Figure 3c). 

The off-dam network of the Masjed-Soleyman dam consists 

of 13 reference points that spread over an area of about 4 

km2 around the dam site. Twenty-six control stations that 

were established on the crest and the downstream slope 

make the on-dam network for monitoring the horizontal and 

vertical movements of the dam (Figure 3). All points of this 

network have been observed from 6 off-dam pillars in two 

separate steps. At first, the horizontal position of points was 

determined by a total station, and then, the height of points 

was measured by a high-precision digital level (See Tab. 2 

for the specification of instruments). Generally, 

observations of these networks, including lengths, angles, 

and height differences between target and reference points 

were measured in 15 consecutive periods from December 

2001 to May 2015, but the lapse time between consecutive 

measurements is not equal  (Baarda, 1968). 
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All slope distances, horizontal directions, and vertical 

angles have been measured in 4 acceptable sets. Slope 

distance measurements were carried out reciprocally for the 

off-dam network points, whereas the distances between 

reference points and target points were measured as one-

way. In order to apply the atmospheric corrections to the 

observed distances, atmospheric parameters, including the 

wet and dry temperatures and air pressure, were measured 

during the observation process. 

Generally, geodetic measurements were made every six 

months; however, in some cases, the time interval between 

observations was increased to 1 year or more. Measurement 

procedure was nearly uniform (usually the same 

instruments, similar techniques, a fixed surveying team, 

etc.); thus, the data are completely homogeneous and of the 

same accuracy (Rahimi, 2003). 

 

 

Table 2. Surveying instruments used for observation of geodetic network 

Instruments Manufacturer Accuracy Accessories 

Total Station   

TCA2003 
Leica 

1mm+1ppm   & 

0.5 Sec. 

Wet and Dry Thermometer, Barometers, 

Precise Reflectors And Targets 

Digital Level DNA03 Leica 0.3mm/Km Barcode Invar Staffs (3m and 92cm) 

 

 

   
Figure 3. (a) On-dam geodetic network of the Masjed-Soleyman dam. Twenty-six target points were installed on the crest and 

downstream slope of the dam. The blue lines show the cross-sections of the dam. (b) Off-dam and On-dam geodetic networks: 

GR3 and BM5 are the fixed points for horizontal and vertical measurements, respectively. (c) Concrete pillar of the geodetic 

networks established on the dam body. 
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2.2. Adjustment of the geodetic networks 

In order to determine the horizontal and vertical 

displacements, the observations for horizontal displacement 

detection (horizontal directions and distances) and the 

leveling measurements were adjusted separately. Since the 

number of observations in each measurement campaign was 

more than the unknowns (coordinates of points), the least 

square method was used to estimate the unknowns. First, 

the off-dam network was adjusted by the inner-constraint 

method (e.g., Vaniček et al., 1986) to determine the stable 

points (GR3 and GL4 in Figure 3b). Then, the on-dam 

network was adjusted by the minimum constraint method 

with this assumption that the point (GR3) and a direction 

(GR3 to GL4) were fixed (Figure 3b). The maximum value 

for the semi-major axis of the error ellipses was 2.4 mm for 

the Reference Point GL1. Also, the internal reliability based 

on the method of Baarda (1968) was utilized to show the 

ability of the geodetic networks for blunder detection and 

network resistance against undetectable probable 

observations errors (Kalkan, 2014). 

For the leveling network, the Benchmark BM5 was set as 

the fixed point for the minimum constraint adjustment of 

the target points (Vanicek & Krakiwsky, 1986). In this 

network, the maximum standard deviation of the heights of 

the points was 0.8 mm for all the target points located on 

upstream and downstream edges of the crest (Figure 3b). 

The type and number of observations for off-dam, on-dam, 

and leveling networks for the last period (15th period) of 

measurements are summarized in table 3. The maximum 

horizontal and vertical displacements of the dam at the 15th 

period (the last observation) relative to the 14th period and 

also the values of cumulative displacements from the first 

series of observations in 2000 to the last session of 

observation in 2015 are summarized in Tables 4 and 5. 

More details are presented in section 4. 

 

Table 3. Observations of monitoring networks of the Masjed-Soleyman dam 

Network 

Observations Max. Semi-Major 

Axis of Error 

Ellipses (mm) 

Degree 

of 

freedom 
Slope 

Distance 

Horizontal 

Direction & RMSE 

Vertical 

Angle & 

RMSE 

Height 

Difference & 

SD (mm) 

Off-dam 47 96 (0.26) 96 (0.41) - 2.4 107 

On-dam 88 94 (0.22) 94 (0.35) - 1.5 126 

Levelling - - - 29 (0.8) - - 

 

Table 4. Maximum horizontal and vertical displacements of the dam from 2000 until 2015 

 (15th period relative to the first period)  

Network 
Max. Horizontal Displacements (mm) Max. Vertical  Displacements (mm) 

 Point Name D (mm) Point Name ΔZ (mm) 

On-dam horizontal network S 23 1410.7 *** *** 

Leveling network **** **** S 21 -3525.96 

 

Table 5. Maximum horizontal and vertical displacements of the dam from Feb. 2014 until May 2015 

 (15th period relative to 14th period) 

Network 
Max. Horizontal Displacements(mm) Max. Vertical  Displacements (mm) 

Point Name D (mm) Point Name ΔZ (mm) 

On-dam horizontal network S 23 72.76 *** *** 

Leveling network **** **** S 21 -165.2 

 

2.3. Settlement Index 

Steady-state loading refers to the situation where there is no 

change in reservoir level and, therefore, no change in the 

external load on the dam. It may be expected that some 

settlement will continue to occur even many years after the 

completion of construction owing to the secondary 

consolidation of the core and creep of the more granular 

shoulder fill.  

In order to quantify the movements associated with the 

long-term steady-state loading, the crest settlements were 

evaluated using the dimensionless quantity of settlement 

index (SI)  (Clements & Ronald , 1984), which is analogous 

to the coefficient of secondary consolidation. SI reflecting 

the average settlement of a point located on an earthfill or 

rockfill dam during a certain interval normalized to the 

height of the dam at the specific point (Pytharouli, Stella , 

& Stathis , 2009): 
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Where: 

s (mm) is the crest settlement between two different 

measurement periods t1 and t2 for each object point installed 

on the dam's embankment, H (m) is the height of points 

relative to the foundation level. Expressed that if the value 

of the parameter SI is greater than 0.02, the crest settlement 

is attributed to mechanisms other than creep or secondary 

consolidation requiring further investigation to be 

conducted. 

The annual rate of settlement (Sa) was also used to assess 

the deformations of the crest and downstream embankment 

of the dam (Michalis & Pytharouli, 2016): 

100×
H

SS
=S iii

a 






 
                                            (2) 

Where Sii and Si are consecutive yearly settlement 

measurements, and H is the height from the foundation 

level at each crest control point. For each point with the 

value of Sa equal or less than 0.02% of the height of the 

dam, it is considered that the point has normal subsidence, 

and the dam is stabilized (Dascal, 1987). Considering the 

effect of settlement caused by consolidation, for the points 

with the greater height of embankment, it is expected that 

the greater settlements would be seen. 

 

 2.4.   Relaxation Model 

We analyzed and modeled the temporal and spatial 

evolution of surface deformation of the Masjed-Soleyman 

dam after the end of construction using a relaxation process 

with three characteristic times: (1) after the construction 

(short term), (2) after water impoundment of the reservoir 

(intermediate-term), and (3) long-time relaxation during the 

operation of the dam (long term). By definition, Relaxation 

time is defined as the time required for a viscous substance 

to recover from shearing stress after the flow has ceased. 

We assumed that the short relaxation time might be caused 

by pore water pressure developed in the dam body during 

and immediately after the end of construction, i.e., the 

primary consolidation. The intermediate relaxation time 

was corresponding to the time duration when the reservoir 

of the dam was filled. The long relaxation time was 

corresponding to the secondary consolidation of materials 

that led to plastic deformation on the dam body. 

To explain the temporal behavior of deformation at target 

points, the following model with three exponential terms, 

corresponding to three specified relaxation times, were 

selected from a variety of possible models: 

    
ij

=i

ij τttb+a=tdz /exp 0

3

1

       (3) 

 

Where: 

dz(tj) : the displacement in the z-direction (settlement) at 

the time tj, 

a : the final displacement at the time t∞, 

bi : the amplitude of the deformation signal, 

t0 : Reference time, when the construction was ended 

tj : time of measurements with respect to the t0 

i : Relaxation time; 

 

The criteria for selecting a model for each point were the 

RMSE and R-Square values. R-square is a measure of the 

goodness of fit of the trend-line to the data. In other words, 

R2 is a number that indicates the proportion of the variance 

in the dependent variable that is predictable from the 

independent variable. A value of 1 is a perfect fit. Thus, the 

best model of relaxation time is a model with the least 

RMSE and R-square value as closely as to 1 (Savage & 

Svarc, 2009). 

According to this model, 15 series of surveying 

measurements were utilized to estimate the seven 

coefficients of the model based on the least square 

adjustment. At first, the primary values were selected for 

three coefficients of relaxation time. These primary values 

were determined based on the three steps of dam operation: 

 The first relaxation time starts with the end of 

construction or the step of primary compaction, which takes 

a duration time of about 6 to 10 months (Dascal, 1987). For 

this analysis, the first relaxation time was set to 180 days. 

 The second relaxation time is related to the time of filling 

the dam reservoir. This step has occupied a three-year 

period (Figure 2). Thus, the primary value of 1095 days was 

considered for this parameter. 

 The third relaxation parameter is concerned with the 

secondary consolidation that happens in adhesive soils such 

as clay in the core of the dam during the dam operation. The 

primary value of this parameter was considered according 

to the rate of the height differences of each geodetic point 

during 15 series of data accumulation. 

According to these three main parameters (1, 2, 3) and the 

primary values considered for other unknowns (a, b1, b2, 

b3), the final values of unknowns were estimated by the 

non-linear least square method, and then, the settlement 

model was determined for each geodetic point of the on-

dam network. The results would be discussed in section 4.3. 

 

3.   Deformation Analysis 

3.1. Vertical Displacement 
Table 6 shows the cumulative horizontal and vertical 

displacements of target points located on the crest and 

downstream slope of the dam (On-dam network) between 

December 2000 and May 2015. As Table and Figure 4 

show, the maximum vertical displacement of the points 
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belongs to points S21 and S22, located in the middle part of 

the crest (section 260 m in Figure 3) with the magnitude 

being about 3500 and 3300 mm, respectively. This section 

is in the middle part of the dam influenced by the most 

water pressure of the dam reservoir. It also has the highest 

elevation of the embankment that influence deformation.  

Figure 4 illustrates the time-series of the settlement of the 

points listed in Table 6 (On-dam network). The reference 

date is the date of the first series of terrestrial measurements 

of the network that was performed shortly after the first 

water impoundment of the dam. As seen, the settlement of 

the dam body continues with different rates at all target 

points (see 4.3). In the middle part of the dam body 

(sections 260 and 360 in Figure 3c), the settlement has a 

greater rate concerning the corner sections. Also, the 

settlement decreases from the crest toward the points 

located on the bottom of the downstream embankment 

(points in the level of 270 m). From geodetic observations, 

it seems that the settlement of the dam body has asymmetric 

structure so that the points located on the corresponding 

sections of the dam (sections 80 & 480 m, sections 160 & 

420 m, sections 260 & 360 m) have the same pattern of 

settlement  (Pagano, L, Desideri, A, & Vinale, F, 1998). 

As is clear from Figure 4, the right and left sections have 

symmetry in their settlement patterns. In other words, the 

magnitude of the settlement of points located in section 80 

and 480 (see Figure 3a) are approximately equal. Also, the 

cross-sections of 160 and 420 m have similar rates of 

settlement. Similarly, the points installed in central cross-

sections of 260 and 360 m provide a similar pattern of 

settlement. Except for a few points such as S03, S53, S54, 

and S55 that have a small value of the settlement and seems 

that have reached a stable condition, all other points still 

have large quantities of settlement (see part 5.1). These 

points with low rates of the settlement are located at side 

sections of the downstream shoulder, where the height of 

the fill embankment is smaller than other parts of the dam. 

With the assessment of the settlement pattern of points on 

the downstream embankment (Figures 4c-e), we infer that 

the points on the cross-section of 360 (i.e., points S33, S34, 

and S35) have the maximum values of settlement, whereas 

the points of Section 260 (i.e., points S23, S24, and S25) 

show lower settlements. In other words, the northern part of 

the dam from Section 260 to the spillway has experienced 

more settlement than the southern part of the embankment 

of the dam (from the left support to cross-section 260). This 

differential movement has caused several cross and 

longitudinal cracks on the crest that was observed at our 

field visit (Figure 2). One reason for this deformation and 

the presence of these cracks could be the discontinuity 

between the embankment and concrete spillway and the 

high slope of the spillway that caused the downward 

movement and creep of the spillway. 

 

 

Table 6. 3D displacement of target points of the Masjed-Soleyman dam from Dec. 2000 to May 2015. D 

is the horizontal displacement; a, b, and az represent the dimensions and azimuth of the semi-major axis 

of error ellipse; σΔZ shows the standard deviation of height differences. 
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Figure 4. Settlement of target points of the Masjed-Soleyman dam derived from 15 sets of terrestrial geodetic measurements; (a) 

points of the upstream edge of crest, (b) points of downstream edge of the crest; (c) & (d) and (e) points installed on the 

downstream slope at elevations of 347 m, 310 m, and 270 m, respectively. 

 

Figures 5a&b shows the settlement pattern for the upstream 

and downstream sides of the dam crest. It is seen that the 

behavior of both patterns is approximately similar. It can be 

seen that the crest has had a convex form before the 

impoundment of the reservoir and because the settlement 

has changed to a concave form over time. Figures 5c-d 

show the settlement of target points during three steps of 

dam operation time: The first year of dam operation, 3rd 

year of dam operation (when the reservoir of the dam was 

approximately filled) and after 15 years of dam operation. 

As figures show, the settlement of the middle part of the 

crest is very greater than that of other parts. Also, the 

settlement of side points and the lower part of the 

embankment are very small during dam operation.  
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Figure 5. Changes in the heights of the points located on the crest points during 15 terrestrial observations. (a) Upstream edge of 

the crest; (b) downstream edge of crest; (c &d) settlement of points during three steps of dam operation:1st  year (green line), 3rd  

year (magenta line), and 15th  year (red line) after impoundment of the dam. 

 

  

  



Emadali et al, 2020 

35 
 

 
Figure 6. Vertical /horizontal displacement of target points located on the crest and downstream slope of the dam. (a), (b) 

displacement of points installed on the upstream and downstream edge of crest, respectively. (c), (d) and (e) show the 

displacement for points located at the downstream slope in elevation of 350 m, 310 m, and 270 m of the dam embankment, 

respectively. 

 

3.2.   Horizontal Displacement 

Horizontal deformations are common in earth-fill dams 

after construction and during the operation. Since there are 
not any control points installed on the upstream 

embankment of the dam, the analysis of this part of the dam 

was not possible by the existing dataset, but site visit 

revealed that the upstream slope had moved toward the east 

that could be a result of creep of the embankment of the 

dam (Figure 2a). 

Figures 7a-c present the horizontal displacement of target 

points installed on the dam's crest and downstream 

embankment of the Masjed-Soleyman dam. As figures 

show, the direction of movements for points located on the 

crest of the dam is toward the middle and downstream of 

the dam. It seems that this movement has resulted from the 

high slope of  the side supports of the dam, especially for the 

right support of  the dam, where the downstream 

embankment  is connected to the concrete spillway. The 

slope of lateral supports is 1/1.19 and 1/1.38 for right and 

left  supports, respectively (Figures 1b). However, some 

points located on the left part of the crest have moved 

toward the upstream direction of the dam for the first stages 

of filling the reservoir (Figure 7a). The maximum 

horizontal displacement in this step belongs to the point S01 

(Figure 3b) with a magnitude of 141 mm. The upstream 

movement of the crest is potentially originated by the 

hydrostatic pressure from the reservoir, causing the 

submerged part of the dam to deform towards the 

downstream direction, but at the same time resulting in an 

upstream movement of the crest (Michalis & Pytharouli, 

2016). 

It should be pointed that this is not true for the horizontal 

deformations of the object points located on the 

downstream embankment, and these points have moved 

downward, as illustrated in Figures 7a-c. 

Figure 7b shows the cumulative horizontal displacement of 

points of this network after the third year of dam operation 

in 2003, corresponding to the 5th series of geodetic 

measurements of the dam. The maximum displacement of 

points with respect to the 1st period belongs to the point S23 

with a magnitude of 434 mm. This point is located in 

Section 260 in the middle part of the dam, with a height of 

347 m. 

After the observations, points S23 and S33 showed a 

horizontal displacement of 1410 mm and 1345 mm, 

respectively. On the other hand, the maximum horizontal 

displacement for points S21 and S31 located in the middle 

part of the dam crest, which has the maximum settlement, 

are 787 and 603 mm, respectively (Figure 7c). In other 

words, the points located at the elevation of 347 m have the 

maximum horizontal displacements, while the points 

located at the center of the crest have the maximum 

settlement. Thus, this horizontal movement could have 

resulted from the collapse of the downstream slope caused 

by the steep slope of side supports and the improper 

consolidation of the earth layers during the dam 

construction (Emadali, L, Motagh, M, & Haghshenas, M, 

2017). As shown in Figure 2a, the collapse phenomena are 

also observed for the upstream embankment. However, as 

there were no control points on the upstream slope, we 

could not infer any information on the status of the 

horizontal displacement for this part of the dam body. 
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Figure 7. The horizontal displacement of object points installed on dam body; (a) during the first year of dam impoundment, (b) 

three years after the dam operation, (c) after the 15th year of dam operation. 

3.3. Rate of Settlement 

The settlement reflects the compressibility of the core, and 

the relatively high settlement values could possibly be 

explained by the lack of compaction at the placement stages 

of construction (Dascal, 1987). In the Masjed-Soleyman 

dam, the level of water increased rapidly and changed from 

254.8 m on 19 Dec. 2000 to 305.7 m on 31 Dec. 2000 (1st 

period of surveying measurements). Then, the water level 

raised and reached 369.35 m on Oct. 2003 (5th period of 

surveying measurements). This means that the water level 

increased by about 114.5 m in the time duration of 34 

months (Emadali, L, Motagh, M, & Haghshenas, M, 2017). 

Afterward, the water level has experienced fewer 

fluctuations which are related to this type of dams, 

constructed mainly for power generation (Run-off-the-River 

dams). Accordingly, the settlement of the dam was assessed 

in three separate steps. At first, the settlement of the dam 

was evaluated for the first year of operation (December 

2000 to December 2001). Then, the settlement was assessed 

for the first three years of water impoundment from 

December 2000 to October 2003, during which the 

reservoir has almost been filled. Finally, the rate of the 

settlement was evaluated for the total time of operation of 

the dam from December 2000 till May 2015. 

For the first year of water impoundment of the Masjed-

Soleyman dam, point S21 installed on the upstream edge of 

the crest has the maximum rate of settlement. This point has 

experienced a settlement rate of ~ -52 cm/yr during October 

2000 till October 2001. Also, other points close to point 

S21, such as S22, S31, and S32, had large values of 

settlement. These values are not far-fetched because these 

points have been established in the middle part of the dam’s 

crest that has the maximum height of the embankment. At 

the same period, point S55, which is located at the lower 

part of the side cross-section of the dam, with the minimum 

height of embankment (Figures 3a & 9a), had the minimum 

rate of the settlement with a magnitude of -2 mm/yr.  

The maximum settlement rate for the first three years of 

operation of the dam (the time of filling the reservoir) from 

December 2000 to October 2003 was ~ 41 cm/yr, 

corresponding to the point S21 on the crest (Figure 3a). 

From October 2003 to November 2007, the water level 

reached the maximum value, and the reservoir was filled. In 

this period, the rate of settlement decreased and reached to 
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about 35 cm/year for point S21. From November 2007 to 

May 2015, the water level had no significant changes. 

Consequently, the rate of the settlement was diminished and 

reached ~ 16 cm/yr. If one considers the total settlement of 

point S21 during 15 years of dam operation, the mean rate 

of settlement is ~ 25 cm/yr. The maximum cumulative 

settlement of the points installed on the dam is ~3.5 m that 

corresponds to the 1.99 % of the maximum height of the 

dam. 

It is worth noting that the first period of surveying 

measurements was done simultaneously with the filling the 

reservoir. Thus, the settlement after the completion of the 

structure and before the water impoundment of the reservoir 

is neglected. This part of the settlement is caused by 

reducing the pore water pressure of the clay core, known as 

primary consolidation. To determine the magnitude of the 

settlement before the water impoundment, the observations 

of settlement gauges installed at different levels of core 

were evaluated. The topmost settlement gauge at section 

260 m, which has been observed before the filling of the 

reservoir, installed at the elevation of 373.435 m. This 

instrument shows the settlement of about -48 cm in the time 

duration of 23 Sep. 2000 and 20 Dec. 2000 (start date of 

filling the reservoir). This value should be added to the total 

settlement of the dam for the point of S21. According to 

this, the average settlement rate of point S21 during 15 

years of operation is about 28 cm/yr. The total settlement of 

this point reaches ~ 4 m, corresponding to 2.26 % of the 

maximum height of the dam, while the maximum 

settlement of an earth/rockfill dam should be smaller than 2 

% of the height of the dam during its operation (Kaloop, 

2009). 

 

3.4. Settlement Index analysis 

Figures 8a and 8b show the SI parameter for the object 

points installed on the dam’s crest and on the downstream 

embankment of the Masjed-Soleyman dam during the 15 

years of terrestrial geodetic observation. As Figure 8a 

shows, some target points in the middle section of the dam 

(Sections 260 & 360), such as S21, S31, S22, and S32, 

exhibit settlement index SI that exceeds the threshold value 

of 0.02. This indicates that for these points, the deformation 

of the dam embankment is critical and cannot be attributed 

only to the normally expected phenomenon of soil creep 

(Michalis & Pytharouli, 2016). 

The points S23 and S34 (Section 260 & 360 from Figure 

3a), show SI parameters that are close to the critical limit 

(0.0168 for S23 and 0.0191 for S34). However, other target 

points installed on the downstream slope show SI values 

less than the threshold of 0.02 (Figure 8b). This suggests 

that for the downstream embankment, one can attribute the 

deformation to the normal creep of the dam. 

 

 

 
Figure 8. Settlement Index (SI) for geodetic points on the (a) crest and (b) downstream embankment during 15 series of geodetic 

observations. The dashed black line offers the critical value of 0.02. 

 

Figures 9a and 9b show the annual rate of settlement for all 

points installed on the crest and downstream slope of the 

dam, respectively. As can be seen, after the 12th year of dam 

operation, the rate of settlement for the majority of the crest 

points has decreased to the normal threshold (lower than 

0.02%). However, one year later, an ascending trend is seen 

for most of the points on the crest. On the other hand, for 

the points on the downstream slope, the annual rate of 

settlement gets values smaller than the threshold after the 

10th year (except for point S34 that shows an increasing 

trend between the 10th and 12th years and again decreases to 

the threshold limit). Also, the points S23 and S33 show an 

increasing trend after the 13th year of dam operation. These 

points are located in the middle part of the dam body 

(Figure 3a). Other points of the dam body are in the normal 

range, which means these points experience stable 

conditions. 
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Figure 9. The annual rate of settlement for points of the on-dam network; a) crest points; b) points installed on the downstream 

embankment of the dam. The Dashed line shows the threshold limit of 0.02 %. 

 

3.5. Relaxation Model 

It is difficult to link specific processes with specific 

relaxation times for post-construction deformation. There 

can be a wide range of relaxation times consistent with a 

specific process, and it is likely that the processes overlap in 

time, perhaps operating simultaneously for a significant 

period (Massiéra, Chrzanowski, Anna Szostak, & Michel , 

2004). Table 7 represents the estimated quantities for seven 

parameters of the relaxation model. We estimated a model 

for all points installed on the crest and downstream 

embankment of the dam (on-dam Network). 

According to the results obtained from settlement analyses 

(rate of settlement, settlement index, and relaxation model), 

the on-dam geodetic network was divided into four 

deformation zones (Figure 10). For this partitioning, the 

points were arranged based on their settlement during 15 

years of dam operation, as follows: 

 Zone 1 (Green):          points with settlement  < -1000 mm 

 Zone 2 (Yellow):         -2000 < settlement  < -1000 mm 

 Zone 3 (Blue):             -3000 < Settlement  < -2000 mm 

 Zone 4 (Red):              -6000 < Settlement  < -3000 mm 

 

Table 7. The estimated parameters of the model for the five zones (zones 1 to 4 and crest points) 
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Figure 10. Four zones of settlement in the Masjed-Soleyman dam. Green, yellow, blue, and red blocks represent the zones 1, 2, 3, 

and 4, respectively. The red block (zone 4) represents the maximum settlement, and the green block (zone 1) represents the 

minimum settlement of points. 

 

Figures 11 (a-d) represent the time series of observed data 

and relaxation function for the points in zones 1 to 4, 

respectively. As expected, the relaxation coefficient, 3τ , for 

the model of points located in the middle part of the crest 

was much greater than that of the other points. Moving 

toward the lower parts of the embankment, the value of this 

parameter decreases. 

The maximum RMS of points belonged to the points S22, 

S21, S31, and S32 in the middle of the dam with a 

magnitude of 47.90, 47.12, 41.25, and 34.43, respectively. 

The R2 values for all target points, except for the points 

S03, S54, and S55 were greater than 0.99, presenting a 

good fitness of the model to observed data. For these three 

points, the R2 values were greater than 0.91. According to 

these models, the settlement of the dam for the most points 

would still continue even to about 30 years of dam 

operation. For example, the settlement of points S21 and 

S22 in the middle of the crest will reach about 4 m or more 

that would exceed the maximum acceptable settlement for 

this dam. However, it seems that the points located at the 

bottom of the downstream embankment (points located at 

the black rectangle in Figure 3b) and some points located at 

the sides (near the staddles such as S03, S53 & S54) have 

already reached to stable conditions (Stewart & Tsakiri, 

2001). 
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Figure 11. (a-d) Time series of the settlement of object points installed on the dam body during operation by use of 15 years 

surveying dataset from 2000 to 2015 and relaxation model for prediction of vertical displacement of the dam until 2050: (a-d) for 

the zones 4 up to 1, respectively. 

 

It can be seen from Table 7 that: 

(1) The value of parameter 1 for point S42 is greater than 

the other points. The reasons for this can be the 

proximity of this point to the steep slope of the right 

support and the vicinity of section 420 m to the 

concrete spillway of the dam.  This is supported by the 

large settlement observed at the conjunction point of 

the spillway, proved by the dam embankment (Figure 

2). The next reason may be attributed to the high 

elevation of the embankment at this point (about 100 

meters). 

(2) Regarding 2, the maximum values are also related to 

the points located in the sections of 420 and 480 m 

(Figure 3a) such as the points S41 and S51 located on 

the upstream edge of the crest of dam. This could be 

due to the effect of filling the reservoir. 

(3) As expected, the highest values of 3 are related to the 

points located in zone 4 (the points installed in the 

middle of the crest, including S21, S22, S31, and S32). 

Also, the values of this parameter for other points 

located on the crest of the dam show larger quantities 

than the points of the dam body, indicating the 

secondary consolidation of the dam and the effect of 

the height of the embankment on the subsidence of 

these points. 

(4) The maximum total relaxation times belong to points 

S22 and S21 in about 33 and 28 years, respectively, 

because of their positions in the middle of the dam and 

also the height of the embankment at these points. The 

points S41 and S51 located on the north of the dam's 

crest show a relaxation time of about 30 years, which 

seems relatively unreasonable. 

 

4. Discussion 

It is relatively straight-forward to monitor the settlement of 

the crest of an embankment dam using precise surveying 
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techniques. It is not always easy to interpret the 

measurements and diagnose the cause of the settlement, as 

it may occur due to a number of processes (Charles, 1986). 

The main processes are: 

(1) Primary consolidation of clay 

(2) Volume reduction of the upstream fill on first 

filling 

(3) Secondary compression of core and shoulder fill 

(4) Slope instability 

(5) Erosion 

Settlement due to cases 1 and 2 should be completed during 

the early years of the dam's life. It is clearly important to 

determine whether settlements measured many years after 

the completion of a dam can be attributed to case 3 or 

whether serious problems such as cases 4 or 5. To do this, 

some indication of the magnitude of the crest settlement 

should be obtained (Cazzaniga, Pinto, Bettinali, & Frigerio , 

2006). One of these indicators is the settlement index (SI). 

The deformation of the rockfill and earthfill dams continues 

for a long time after the end of construction. However, 

considering that an annual rate of settlement below 0.02 % 

H can practically be neglected, deformation can be 

considered complete 24 – 30 months after the end of 

construction. Figure 8 shows that the rate of horizontal and 

vertical displacement has not diminished for most of the 

points of the on-dam geodetic network during 15 years of 

the dam operation. Except for a few points at the bottom of 

the downstream slope of the dam (zone 1), displacement of 

all other points still continues. 

The results of our analysis suggest that the points located at 

zone 4 in the middle part of the dam's crest represent the 

maximum settlement in the time duration of 2000 to 2015. 

These points also have the maximum relaxation times 

during the dam operation, i.e., the coefficient 3 in Eq. 3 

(Tab. 7). This results from the maximum height of 

embankment in these points located at the cross-sections of 

260 and 360 m (Figures 3a&b). In zone 3, although the rate 

of settlement has decreased compared to zone 4, the great 

values of settlement can be seen for some points, such as 

point S41 with the settlement of about 2.0 m during 15 

years of dam operation. In zone 2, smaller settlements have 

been measured (maximum settlement for point S33 is about 

1.25 m), but the maximum horizontal displacement in this 

zone belongs to point S23 with a magnitude of about 1.4 m. 

Points in zone 1 have the minimum settlement with respect 

to other points of the network, and thus, this part of the dam 

could be considered as an area that has been reached to the 

stable conditions.  As the settlement index analysis shows, 

the maximum values of the index for these points reach 

about 0.005 (Figures 8b). InSAR analysis of TerraSAR-X 

images also confirms the stability of this zone  (Emadali, L, 

Motagh, M, & Haghshenas, M, 2017). 

The relaxation time modeling of points showed that the 

settlement of the dam might be continued even 30 years 

after the end of the construction of the dam. The mean 

annual rate of settlement during the next 15 years of dam 

operation (from 2015 to 2030) would be estimated to about 

-71 mm/yr for point S21 in the middle of the crest. From 

2030 to 2040, the mean rate of settlement of point S21 

would reach to about -39 mm/yr, and for the following ten 

years (2040 -2050) to about -25 mm/yr. At that time, the 

cumulative settlement of point S21 (maximum settlement of 

the dam) would be more than -5 m that is a great amount 

and exceeds the threshold of 2% of the dam's height. 

Also, according to the suggested model, point S22 in the 

middle of the dam may get the maximum relaxation time of 

about 33 years. As discussed in 3.5, some other points such 

as S41 and S51 would experience the great relaxation times 

of about 30 years, as well. Point S22 would get a relaxation 

time of about 27 years. However, these great values for the 

relaxation time of a rockfill dam are not normal. They show 

continuous settlement of the dam even for 30 years of dam 

operation, which poses a great hazard to the people and 

infrastructure downstream. The worrying point about the 

presented relaxation model in this paper is that it is not 

unique. However, according to the available data, the 

proposed model has proved useful for interpreting the 

results obtained from geodetic observations. 

 

5. Conclusion 

In this paper, we analyzed the deformation of the Masjed-

Soleyman rockfill dam in southwest Iran based on 15 

terrestrial observations made for the geodetic network on 

the dam embankment between 2000 and 2015. Our analysis 

indicates that 15 years after the first water impoundment of 

the dam's reservoir, most parts of the dam have not 

experienced stable conditions. Previous studies suggest that 

in normal cases, a dam should reach the stable condition 

(i.e., annual settlement rate less than 0.02%) over 8-10 

years (Clements, 1984). The most important reason for the 

instability of the Masjed-Soleyman dam may be 

inappropriate consolidation of the upper layers of the 

embankment. Also, the fast performance of layers of the 

embankment, filling the reservoir immediately after the 

construction, as well as the steep slope of staddles and an 

improper junction of spillway and dam body may have 

contributed to this long-term instability. All these factors 

have caused numerous lateral and longitudinal cracks on the 

dam crest, especially where the concrete spillway is 

connected to the embankment, putting the dam safely at 

serious risk.  

It is recommended that for future monitoring of the 

upstream shell of the dam, some target points be installed 

on this part of the dam so that their deformation can be 
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analyzed in more detail. Previous studies have also shown 

the importance of high-resolution SAR data for monitoring 

dam stability. Such data are not automatically acquired by 

satellite missions, and it is highly recommended that local 

authorities make such data acquisitions from space agencies 

for monitoring purposes (Emadali et al., 2017). Moreover, 

the development of a permanent GPS network containing 

some points on the crest can be a valuable add-on to the 

existing network and help with better monitoring of the 

deformation in time for areas that are at high risk.  
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